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Introduction
Apart from gravity, all currently known fundamental interactions are described by a single
theory: the Standard Model (SM). This is a renormalizable quantum field theory built
on the gauge group SU(3) × SU(2) × U(1). Together with electromagnetic and strong
forces, the theory describes the perturbative interactions of three massive vector bosons
(W± and Z0) with a set of massive fermions (quarks and leptons). This is achieved in the
SM through the so called Higgs mechanism: a set of spinless fields gets a non vanishing
expectation value on the vacuum generating the masses of the weak gauge bosons and of
all the fermions. As the remnant of this process the theory predicts the existence of a
single scalar particle, the Higgs boson. Its discovery and the study of its properties are the
main goal of the Large Hadron Collider (LHC).
Despite its successes the SM is affected by the so called hierarchy problem. The mass
of the Higgs boson is extremely sensitive to quantum corrections. This imply that in order
to get a light Higgs boson the parameters of the theory have to be calibrated in a very
unnatural way.
Supersymmetry (SUSY) solves this problem introducing for every particle already
present in the SM a superpartner with opposite quantum statistic. SUSY requires that the
couplings in the lagrangian are fixed in such a way that the quantum corrections that aﬄicts
the SM Higgs boson mass cancel order by order in perturbation theory. Developing this
idea it is possible to construct a realistic supersymmetric extension of the standard model,
the Minimal Supersymmetric Standard Model (MSSM). The new particles included in the
MSSM to solve the hierarchy problem are also responsible for gauge coupling unification,
which is easily achieved at one loop at an energy of ∼ 1016GeV .
However, even the MSSM has its problems. The theory predicts the existence of a
Higgs boson which must be, at tree level, lighter than the Z boson. To evade this bound
and obtain a mass consistent with the LEP2 lower limit of 115GeV , it is essential to resort
to the radiative corrections coming from a stop (the superpartner of the top) loop. To
do its job, however, the stop must be heavy enough and this reintroduce some fine-tuning
in the theory. Moreover, there is the µ problem. The MSSM superpotential contains the
operator (in superfield notation)
µHˆ1Hˆ2. (1)
µ is the unique supersymmetric dimensionful parameter in the MSSM lagrangian. Natural-
ness considerations suggest that µ should be of the same order of magnitude of the Fermi
scale, which is determined by the soft supersymmetry breaking terms in the lagrangian.
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There is, however, a priori no reason for this to happen.
These issues suggest to go beyond the MSSM. Its simplest extension, the Next to Mini-
mal Supersymmetric Standard Model (NMSSM), introduces a further chiral supermultiplet
Sˆ, singlet under the gauge group, coupled with a superpotential given by
∆fˆ = λSˆHˆ1Hˆ2 − 1
3
κSˆ3 (2)
This proves to be enough to solve both the µ problem and the Higgs mass problem.
In this thesis we stick to the requirement of a moderate stop mass and we insist on
keeping perturbative the unification of the gauge couplings. We show that the NMSSM can
achieve consistency with LEP data with relative ease only if vectorlike multiplets of SU(5)
symmetric extra matter are placed at an intermediate energy scale. Based on this, we
focus on a particular corner of the NMSSM parameter space where an approximate Peccei-
Quinn (PQ) symmetry is present. Then, we study the phenomenology arising in this model.
This work is organized as follows. In Ch. 1 we briefly review the basic features of a
supersymmetric theory and we describe the MSSM. In Ch. 2 we introduce the NMSSM.
We calculate the maximum value for the Higgs boson mass that can be achieved in the
model, which is consistent with LEP data, a moderate stop mass and perturbativity up to
the grand unification scale. We repeat this analysis in the case of extra matter multiplets
placed at an intermediate energy scale. In Ch. 3 we consider an explicit realization of the
picture described in Ch. 2, by a particular limit of the NMSSM, where an approximate
U(1) Peccei-Quinn global symmetry is realized. In Ch. 4 we describe the phenomenology
of the Higgs sector of this model. Chapters 3 and 4 are based on [1]. Finally, in the
Appendices we make explicit the conventions used in the thesis about spinor calculus and
we give the relevant Feynman rules for the PQ model.
Chapter 1
Supersymmetry and the MSSM
The Standard Model is a theory that can describe in a consistent way a huge amount of
experimental data. Furthermore, being a renormalizable theory it can be extrapolated to
arbitrary high energy. It would be, however, naive to think to the SM as the ultimate
theory, since there are things, starting from dark matter and ending with gravity, that
do not fit into it. The approach to adopt is rather to see it as the low energy effective
manifestation of some complete high energy theory. The SM, to be consistent, needs to
implement a Higgs mechanism, where a scalar doublet H obtain a vacuum expectation
value (vev) v = 174GeV that breaks the SU(2)L × U(1)Y gauge group down to U(1)EM .
The small value of the vev reflects itself in a small value for the expected mass, mh,
of the physical Higgs. Now, in an effective field theory approach, one expects that the
dimensionless parameters of the low energy theory to be O(1), while the dimensionful ones
to be O(ΛUV ), unless some symmetry protects them to avoid big radiative corrections. For
example, take the electron. Its mass can be naturally small because when it is exactly zero
a new symmetry pops up, chiral symmetry. But nothing appears when a scalar mass is set
to zero1. To be explicit consider the radiative correction to mh coming from a top loop.
h
k
t
h
We obtain
δm2h = −i(−iyt)2NC
∫
d4k
(2π)4
Tr
[
i
/k −mt
i
/k −mt
]
∼ 3y
2
t
4π2
[
Λ2UV − 6m2t ln
ΛUV
mt
]
(1.1)
where NC = 3 is the color factor. We see that if we take ΛUV =MP l (but any other scale
will do the same) the quadratic dependence on the cutoff requires an enormous amount of
cancellation among this amplitude and others to preserve the lightness of the Higgs. If we
1In the pure SM, setting the Higgs mass to zero restores scale invariance. This is, however, an anomalous
symmetry and furthermore it is not consistent with a non trivial short distance physics.
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look for a high energy theory that has the SM as the low energy remnant, we are actually
looking for a needle in a haystack. This is called the hierarchy problem. A beautiful solution
to this comes as follow. Suppose we introduce in the theory two new set of scalar fields φ1
and φ2 which come as the top in 3 color replica and impose that they couple to the Higgs
field through the following quartic coupling
∆L = y2t |φ1|2 h2 + y2t |φ2|2 h2 (1.2)
Then, in addition of the top loop the following diagrams will be present in the hh amplitude
h h
φ1, φ2
These will give a contribution to the Higgs mass
δm2h = 2i(−iy2t )NC
∫
i
k2
= − 3y
2
t
4π2
ΛUV (1.3)
which is exactly what is needed to cancel the quadratic part of 1.1, thanks to the opposit
sign between a boson and a fermion loop. The way to enforce this sistematically is by
introducing a new simmetry that relates bosons and fermions: Supersymmetry.
1.1 Supersymmetry algebras
Before starting developing supersymmetry, it is interesting to put a different eye on it,
different from the usual one that sees SUSY as a solution to the hierarchy problem. Every
fundamental theory of particle physics is built starting from the requirement of Poincaré
covariance, that is, the fields appearing in the lagrangian should transform in a definite
way under the group and the lagrangian of the theory should be invariant under Poincaré
transformations. In addition to the Lorentz indices, the fields usually possess other internal
indices transforming under suitable representation of a given internal group G. The general
commutation relations among Poincaré (Pµ, Mµν) and internal generators (Ti) are given
by
[Pµ, P ν ] = 0 (1.4)
[Mµν , Pσ] = i(gνσPµ − gµσPν) (1.5)
[Mµν , Mσρ] = i(gµρMνσ − gνρMµσ + gνσMµρ − gµσMνρ) (1.6)
[Ti, Tj] = ifijkTk (1.7)
[Ti, P
µ] = [Ti, M
µν ] = 0 (1.8)
Pµ is a four vector living in a (12 ,
1
2) of the Lorentz group , theMµν in the (1, 0)+(0, 1) and
the internal generators are actually Lorentz scalars. Is this the most general framework?
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The answer is yes; as shown by S. Coleman and J. Mandula in 1967 [2] the most general
symmetry of a non trivial S-matrix is given by the Poincaré group times some internal
(semisimple) group. This can be intuitively realized considering the simple scattering
amplitude among 4 scalars s1s2 → s3s4. This is completely characterized in the (s, t)
plane. Imposing additional symmetries that do not commute with the Poincaré group, we
are actually adding further constraints to the amplitude, for example fixing a relation of
the form f(s, t) = 0; but this actually states that, fixed the initial energy, s1 and s2 are
allowed to scatter only at discrete angles!. A way out from this no-go theorem, is obtained
considering fermionic symmetry generators instead of bosonic ones. The first ones will not
give rise to conserved quantities in a scattering process between scalars, and, if we consider
fermions, we have more degrees of freedom (spins) that we are allowed to constrain.
The concept of fermionic generator points to the generalization of that of Lie algebra to
that of graded Lie algebra. Each operator in a graded Lie algebra can be either bosonic Bi
or fermionic Fi. The usual commutation relations among bosonic generators are extended
as to include anticommutation relations between the Fi
[Bi, Bj] =
∑
k
aijkBk, [Bi, Fj ] =
∑
k
bijkFk (1.9)
{Fi, Fj} =
∑
k
cijkBk
in such a way that a generalized Jacobi identity holds
[Oi, [Oj , Ok]±]± + [Oj , [Ok, Oi]±]± + [Ok, [Oi, Oj ]±]± = 0 (1.10)
where the commutator (−) or the anticommutator (+) is used in the case that the operators
are bosonic or fermionic.
We introduce the additional fermionic generators, QIα1...αi,α˙1...α˙j , I = 1, ..., N , sym-
metric in the first and second indices and so living in the spinorial representation ( i2 ,
j
2) if
i+ j is odd. The hermitian conjugation will be indicated by
(QIα1...αi,α˙1...α˙j )
† = QIα˙1...α˙i,α1...αj ∈ (j, i) (1.11)
The anticommutator between QI and Q
I
is bosonic by 1.9 and contains a ( i+j2 ,
i+j
2 ) rep-
resentation. The Coleman-Mandula theorem now says that the only non-scalar bosonic
generators are Pµ and Mµν , and among these only P
µ has the required transformation
properties. So we have discovered that the QI are allowed to have at most one spinorial
index and, up to possible unitary rotations of the indices I,
{QIα, QJα˙} = 2δIJσµαα˙Pµ (1.12)
where everything except the 2 is dictated by the tensorial structure of the anticommutator.
Making repeated use of 1.10 and of Lorentz invariance the complete set of relations among
generators is obtained
[QIα, P
µ] = 0 (1.13)
[QIα, M
µν ] = iσµνα
βQβ (1.14)
{QIα, QJβ} = ǫαβZIJ (1.15)
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where ZIJ = −ZJI are called central charges. These commute with all the members of the
SUSY algebra and so must be U(1) factors of the internal group. One of the new feature
we obtain introducing fermionic generators is that we allow them to transform non trivially
under the internal symmetry group
[QIα, Ti] = a
IJ
i Q
J
α (1.16)
with aIJi = −aJIi . Superalgebras with N > 1 are called extended. Within present knowl-
edge, the only interesting construction for phenomenological particle physics arise if N = 1.
This simplify 1.13 and 1.15 actually killing all the central charges and the aIJi . Also, in
this case the superalgebra is invariant under a U(1)R rotation (R-symmetry)
Qα → exp(−iφ)Qα, Qα˙ → exp(iφ)Qα˙ (1.17)
in such a way that Q and Q have different charges, and being R the operator that generates
this rotation
[Qα, R] = −Qα, [Qα˙, R] = Qα˙ (1.18)
From now on we will stick to the case of N = 1 SUSY theories.
1.2 Fock space for N=1 SUSY
There are some very general results which are valid in any N = 1 SUSY theory and follow
from the general statement that acting with Q on a bosonic state produces a fermionic
state and the other way around. Consider the operator NF , called fermionic number, which
gives −1 on a fermionic state and 1 on a bosonic one. From this definition it immeditely
follows that {Q,NF } = 0. Using trace cyclicity
Tr[NF{Q,Q}] = Tr[−QNFQ+QNFQ] = 0 (1.19)
Since for a fixed value of the the momentum the left hand side is proportional to Tr[NF ] it
follows that in every SUSY representation the number of fermionic states equal the number
of bosonic ones. It is conventional to add the prefix s- to all the fermionic species of the
Standard Model in order to obtain the name of their bosonic superpartners, and to use
suffix -ino to characterize all the fermionic superpartners.
We can obtain some insight on the structure of a supersymmetric vacuum sandwiching
1.12 between two vacuum states |0〉
〈0|Q1Q1 +Q1Q1 +Q2Q2 +Q2Q2|0〉 = 4〈0|H|0〉 (1.20)
therefore, if the vacuum state is supersymmetric, Qα|0〉 = 0,
〈0|H|0〉 = 0 (1.21)
Notice also that from 1.13 it follows that P 2 is still a Casimir operator for the superalgebra
and due to this all the particles in an irreducible representation of SUSY have the same
mass. We can construct two kind of supermultiplets distinguishing the cases P 2 = 0
(massless multiplet) and P 2 > 0 (massive multiplet).
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1.2.1 Massless multiplet
If P 2 = 0 we can choose a reference frame where P = (E, 0, 0, E). Here eq.1.12 becomes
{Qα, Qα˙} = −4Eδ11 (1.22)
so that Q2 is identically zero. From the general theory of Poincaré representations, zero
mass states are classified according to their helicity. Let |p, λmax〉 be the state with maxi-
mum helicity in the multiplet. Using 1.15 one finds
Q1˙|p, λmax〉 = 0, Q1|p, λmax〉 = |p, λmax− 12 〉 (1.23)
Q1|p, λmax− 12〉 = 0 (1.24)
The state |p, λmax− 12〉 is different from zero, otherwise Q1 would be vanishing. CPT
invariance imposes that for any couple (λ, λ−12 ), the conjugate couple (−λ+12 ,−λ) should
be present in the theory. The vaues of λ used to construct relevant theories are 3: i)
λ = 12 , the theory contains one Weyl fermion and a complex scalar, this is the so called
chiral multiplet ; ii) λ = 1, one (massless) vector and a Weyl fermion are present, this
is called vector multiplet and contains all that is needed to build a gauge theory in a
supersymmetric fashion; iii) λ = 2, in this case there is a spin 2 particle and a spin 32
Rarita-Schwinger spinor. The spin 2 particle is the graviton and this multiplet appears in
a (non renormalizable) supersymmetric theory of gravity called supergravity.
1.2.2 Massive multiplet
If P 2 > 0 the frame to be chosen is the one where P = (M, 0, 0, 0). Here
{Qα, Qα˙} = −2Mδαα˙ (1.25)
the Q can be normalized in such a way that no numerical factors appear on the right hand
side. The multiplet will always contain a state |Ω〉 such that
Qα|Ω〉 = 02 (1.26)
Each state obtained from these by a rotation will again be annihilated by Q so that the
|Ω〉 set will build up complete representations of the rotation group. We fix one of them
with spin j. The set of states
Qα˙|Ωj〉 (1.27)
will be the sum of spin j± 12 representations (the minus sign being possible only for j 6= 0).
Going on, the states
Q1˙Q2˙|Ωj〉 = −Q2˙Q1˙|Ωj〉 (1.28)
will again have spin j since the operator Qα˙Qβ˙ = 1/2ǫα˙β˙QQ is a scalar under rotations.
To summarize the massive multiplet is characterized by its spin. Two cases must be dis-
tinguished: i) j = 0 where a Majorana fermion and a complex massive scalar are present;
2Starting from any state |S〉, Q1Q2|S〉 will have such property.
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ii) j > 0 where there are 2 particles of spin j, one of spin j+ 12 and one of spin j− 12 . Also
in this case we can focus on the j = 0 case, which is a massive chiral multiplet, and j = 12
where we find a real scalar, two Majorana fermions and a massive vector.
There is an important remark to be made. It can be checked explicitly that in each
of the multiplets constructed above, the equality between fermionic and bosonic degrees
of freedom holds. However, taking as an example the chiral multiplet with λ = 12 , the
number of fields describing the fermion (4) is different from that describing the boson (2).
A supersymmetric transformation implemented on a lagrangian describing this multiplet
will affect all the degrees of freedom, not only the propagating ones. This anticipate that
in order to obtain a lagrangian formulation of a supersymmetric theory without invoking
the field equations from the beginning, additional non propagating fields have to be added
to fix this mismatch.
1.3 Superfields for N=1 SUSY
The implementation of supersymmetry in a quantum field theory passes through the con-
struction of supersymmetric lagrangians. One way to do this is to associate to the scalars
and spinor fields appearing in a theory, transformation properties satisfying 1.12, such
that, under these transormations, the variation of the lagrangian is a total derivative. This
is actually the method followed by Wess and Zumino when they built the theory. However
this is a guesswork that becomes obscure and difficult to handle when applied to more
complicated lagrangians, expecially if we want to construct gauge theories. A much bet-
ter way is found deriving a tensor calculus analogous to the usual one used to construct
Lorentz invariant theories and which starts from a review of usual concept of Minkowski
spacetime [3, 4].
Let G be a group and H one of its subgroups, taking g ∈ G the set
g′ = g · h, h ∈ H (1.29)
defines the equivalence class of g with respect to the relation g−1 · g ∈ H and is called
left coset3 of g modulus H. If G and H are two Lie groups the set of all left (right)
cosets is a manifold called coset space and is indicated with G/H. Once a parametrization
L(x = [x1, . . . , xdimG−dimH]) for the coset space has been fixed, each element g ∈ G will
be written as L(xg) · hg for unique xg and hg ∈ H. Using these notations we can define an
action of G on the space that parametrize G/H as
g · L(x) = L(x′) · h, g ∈ G, h ∈ H. (1.30)
All these quite abstract definition has a concrete physical interpretation. Actually noticing
that every point in Minkowski space is associated with a unique translation exp ixP and
that the set of Poincaré transformation which map the origin O to the point x (and so
3Right cosets are defined analogously using right multiplication.
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contain the translation) is invariant under the right multiplication by Lorentz transforma-
tion, we can identify the Minkowsy space as the left coset of the Poincaré group modulo
the Lorentz group.
The Poincaré group can be extended to embrace SUSY transformations noticing that
all the anticommutation relations defining the superalgebra can be rewritten in terms of
commutators once an anticommuting spinorial parameter θ is introduced. Eq. 1.12 turns
in
[θQ, θQ] = 2θσµPµθ. (1.31)
This relation can now be exponentiated obtaining an enlarged version of the Poincaré
group. The coset of this space with the respect of the Lorentz group is called superspace
and is parametrized by 8 real variables by the relation
(x, θ, θ)→ exp i(xP + θQ+ θ Q). (1.32)
Acting now with a group element to the left (right) of 1.32 we can obtain the transfor-
mation rule (x, θ, θ) → (x′, θ′, θ′) and from this, using infinitesimal parameters, a differ-
ential representation of the superalgebra. Using the Baker-Campbell-Hausdorff identity
expA expB = exp(A+B + 12 [A,B] + . . .), we have
exp i(ξQ+ ξQ) · (x, θ, θ) = (x+ iθσµξ − iξσµθ, θ + ξ, θ + ξ). (1.33)
Therefore we see that the infinitesimal translation on the superspace is generated by ξQ+
ξQ4
Qα = ∂α − iσµαα˙θα˙∂µ (1.34)
Qα˙ = −∂α˙ + iθασµαα˙∂µ (1.35)
{Qα, Qα˙} = 2iσµαα˙∂µ (1.36)
With complete analogy, starting from right multiplication we obtain
Dα = ∂α + iσ
µ
αα˙θ
α˙∂µ (1.37)
Dα˙ = −∂α˙ − iθασµαα˙∂µ (1.38)
{Dα, Dα˙} = −2iσµαα˙∂µ (1.39)
and
{Qα, Dβ} = {Qα, Dβ˙} = {Qα˙, Dβ} = {Qα˙, Dβ˙} = 0 (1.40)
We can think to superspace as an enlarged spacetime, with four more dimensions, so "tiny"
that every function on these new coordinates is at most linear. Given any function f(x, θ, θ)
we can always write it as
f(x, θ, θ) = S(x) + θψ(x) + θ χ(x) + θθF (x) + θθG(x) + (1.41)
+ θσµθAµ(x) + θθθλ(x) + θθθρ(x) + θθθθD(x) (1.42)
4Possible overall i factors have been dropped
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This parametrization may seem arbitrary but it is actually the most general one. This can
be realized counting the number of independent terms that appear. These should be equal
to the number of terms in a first order linear expansion in 4 coordinates, that is 16. The
transformation rule of each one of the nine component fields that appears can be computed
acting on f with ξQ + ξ Q and collecting the terms. What is obtained is not very useful
apart from δD
δD(x) = − i
2
∂µ(ξσ
µρ− ξσµλ) (1.43)
This means that if a lagrangian is written as the θ2θ
2
term (D-term) of a suitable function,
the associated action will be invariant under SUSY transformation. Actually we do not
even need to calculate δD to say it will be a derivative. We know from 1.12 that [Q] = 12
and consequently the fermionic superspace coordinates has [θ] = 12 . So D is the higher
dimensional component field and so only for dimensional reasons δD has to be a total
derivative. We would like now to relate this differential representation of supersymmetry
with the physical content of supermultiplets discussed in the previous section. To do this,
it is necessary to impose supersymmetric conditions which reduce the big representation
made of the 9 component fields to smaller, irreducible ones.
1.4 Chiral Superfields
Eq.1.40 can be recasted in the form
[ξQ+ ξQ,Dα] = [ξQ+ ξQ,Dα˙] = 0 (1.44)
so that
δDαf = Dαδf, δDα˙f = Dα˙δf (1.45)
For this reason D and D are called supercovariant derivatives. This fact imply that the
condition
Dα˙Ψ = 0 (1.46)
is consistent with supersymmetry. Superfield that respect this constraint are called left
chiral superfields . To solve the condition 1.46 it helps to make a shift in the superspace
coordinates defining y ≡ x + iθσθ motivated by the fact that Dα˙(y) = 0. In this new
coordinates the 1.36s become
Qα = ∂α, Qα˙ = −∂α˙ + 2iθασµαα˙∂µ
Dα = ∂α + 2iσ
µ
αα˙θ
α˙
∂µ, Dα˙ = −∂α˙
(1.47)
Now the constraint 1.46 is turned in the statement that Ψ can only depend on θ. Following
usual notations the result is written as
Sˆ(x, θ) = S(y) +
√
2ψ(y) + θ2F (y) = (1.48)
= S(x) +
√
2ψ(x) + θ2F (x)+ (1.49)
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+iθσµθ∂µS(x)− i√
2
θ2∂µψ(x)σ
µθ − 1
4
θ2θ
2
S(x).
The chiral superfield contains two scalars (S and F ) and a Weyl field ψ. Putting [Ψ] = 1,
it follows that [S] = 1, [ψ] = 32 and [F ] = 2. This new field F , which did not appear in the
Fock space discussion, is called auxiliary field and is needed to fix the mismatch between
fermionic and bosonic degrees of freedom. Also, comparing the expression in term of x
with that in term of y we see that the θ2 component stays the same. Acting with ξQ+ ξ Q
on Sˆ, the following transformation properties for the component fields are derived
δS =
√
2ξψ, δψ = i
√
2σµξ∂µS +
√
2ξF, δF = i
√
2ξσµ∂µψ. (1.50)
So for a chiral superfield in addition to the D-term, which by the way is trivial being
already a total derivative, also the θ2 component (F -term) is a suitable candidate for a
supersymmetric lagrangian. The hermitian conjugate of a left chiral superfield satisfies the
condition
DαSˆ
† = 0 (1.51)
and is called right chiral superfield. Every holomorphic function fˆ(Sˆi) of superfields of
definite chirality has again the same chirality, but things like Kˆ(Sˆi, Sˆ
†
j ) are no longer chiral
superfields.
1.4.1 Lagrangians (I)
Having set up this machinery it is now easy to write down the most general supersymmetric
and renormalizable lagrangian using, with no loss of generality, only left chiral superfields.
Starting from a set of chiral fields Sˆ1, . . . , Sˆn and a function fˆ(Sˆi) this lagrangian has the
form
L = Kˆ(Sˆ†i , Sˆj)
∣∣
D
+ fˆ
∣∣
F
+ fˆ †
∣∣†
F
=
∫
d2θd2θ Kˆ(Sˆ†i , Sˆj) +
∫
d2θfˆ(Sˆi) (1.52)
where the integration on anticommuting variable is introduced to automatically pick the
component we need in each term. The first integrand is called Kahler potential. If we want
to obtain a renormalizable theory, since [Sˆi] ≡ [Si] = 1, then [Kˆ] = [Kˆ
∣∣
D
] − 2 so that K
has to be at most quadratic in the fields. In full generality we can therefore assume (sums
on repeated indices are always understood)
Kˆ = Sˆ†i Sˆi. (1.53)
Disregarding total derivative terms∫
d2θd2θSˆ†i Sˆi = −S†iSi − iψiσµ∂µψi + F †i Fi (1.54)
so the Kahler potential gives the kinetic terms for the propagating fields in the multiplet.
An analogous dimensional argument is valid for the superpotential. Coming the lagrangian
from an F -term, fˆ hat to be at most cubic in the fields
fˆ =
aij
2
SˆiSˆj +
bijk
3
SˆiSˆjSˆk. (1.55)
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Being
SˆiSˆj
∣∣
F
= SiFj + SjFi − ψiψj (1.56)
SˆiSˆjSˆk
∣∣
F
= SiSjFk + SiFjSk + FiSjSk − ψiψjSk − ψiSjψk − Siψjψk, (1.57)
the aij and bijk can be chosen to be symmetric. Since the Fis appear quadratically in the
lagrangian they can be eliminated using their equations of motion
F †i + aijSj + bijkSjSk = 0 (1.58)
so that finally
L = ∂µS†i ∂µSi− iψiσµ∂µψiσµ−
aij
2
(ψiψj +h.c.)− bijk(ψiψjAk+h.c.)−
∑
i
∣∣∣∣ ∂f∂Si
∣∣∣∣2 (1.59)
where the last partial derivative is made considering f as an ordinary polynomial of the
scalar fields. We see that supersymmetry impose well defined relations among scalar cou-
plings and Yukawa interactions, and that these are all fixed by the specification of the
superpotential.
1.5 Vector Superfields
The gauge interactions do not fit in a supersymmetric theory that contains only chiral
superfields. To find a superfield analogous to a gauge field we define a vector superfield
imposing the reality condition
V † = V (1.60)
It is customary to use the following notation
Vˆ (x, θ, θ) = B(x) + θχ(x) + θχ(x) + θ2C(x) + θ
2
C − θσµθAµ + (1.61)
+ iθ2θ(λ+ 12σ
µ∂µχ)− iθ2θ(λ− 12σµ∂µχ) + 12θ2θ
2
(D− 12B) (1.62)
Notice that if we want [Aµ] = 1 the dimension of Vˆ , that is the dimension of the B
component, has to be zero; as a corollary [λ] = 32 .
Abelian gauge transformation are introduced by the following rule
Vˆ → Vˆ + i(Λˆ− Λˆ†) (1.63)
using a chiral superfield Λ as the gauge parameter. Under this shift the components of Vˆ
transform as
δB = i(Λ− Λ†), δχ = i
√
2ψΛ (1.64)
δC = iFΛ, δAµ = ∂µ(Λ + Λ
†) (1.65)
δλ = 0, δD = 0 (1.66)
The Aµ component of the superfield transform as an ordinary abelian gauge field, while
the two components λ and D are gauge invariant. The λ field is called gaugino being the
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superpartner of the gauge field A. All the other degrees of freedom are unphysical and
can be suppressed choosing Λ appropriately. The gauge in which C = χ = B = 0 is called
Wess-Zumino gauge. We are not just fixing ordinary gauge freedom. We are actually
breaking supersymmetry in such a way that this will reappear only in the physical results.
Now that the scalar component B has been eliminated, Vˆ will be nihlpotent, that is
Vˆ 2 =
1
2
θ2θ
2
AµA
µ (1.67)
Vˆ 3 = 0 (1.68)
1.5.1 Lagrangians (II)
Supersymmetric lagrangians could be constructed using the D terms of Vˆ and Vˆ 2. Actually
the second is not gauge invariant, and the first is simply an auxiliary field. To remedy two
new superfields are introduced
Wˆα = −1
4
DDDαVˆ , Wˆα = −1
4
DDDα˙Vˆ (1.69)
These are chiral because DαDβDγ = Dα˙Dβ˙Dγ˙ = 0, and gauge invariant since
DDDαδVˆ = iDDDαΛˆ = −iDα˙{Dα˙, Dα}Λˆ = 0 (1.70)
We can try to write the supersymmetric version of QED (even if so far no electrons are
present so it is neither "E" nor "D") using the following lagrangian
L =
∫
d2θ
1
2
WˆαWˆα + h.c. (1.71)
The calculations are made simpler shifting again to the variable y = x+iθσθ and employing
the Wess-Zumino gauge.
Wˆα = −iλα(y) + θαD(y)− i(σµνθ)αFµν(y) + θ2σµαα˙∂µλ
α˙
(y) (1.72)
where Fµν = ∂µAµ − ∂νAµ is the usual electromagnetic tensor. Finally the lagrangian is
given by
L = −1
4
FµνFµν − iλσµ∂µλ− i
8
ǫµνρσFµνFρσ. (1.73)
The last term is a total derivative and can be discarded. The theory describes an abelian
gauge field and its neutral, supersymmetric partner.
To build a realistic theory we need two more pieces, namely non abelian gauge fields
and matter fields. To fix the idea we choose a simple gauge group G, an irreducible
representation r and a set of hermitian generators TA, such that [TA, TB ] = ifABCTC .
The T ’s are normalized according to the convention Tr TATB = kδAB . Pick then a
multiplet of chiral superfields Ψˆi, i = 1, . . . , n, the matter fields, living in the chosen
representation of G. We define the gauge transformation on this multiplet by
Ψˆ→ e−iΛˆ(x)Ψˆ, Λˆ(x) = TAΛˆA(x). (1.74)
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The Kahler potential defined in 1.53 must be modified to make it gauge invariant. This
can be done introducing a set of vector superfields V A, defining
K(eVˆ Ψˆ, Ψˆ†) = Ψˆ†eVˆ Ψˆ, Vˆ = TAVˆ A (1.75)
and imposing the following transformation law
eV → eVˆ ′ ≡ e−iΛˆ†eVˆ eiΛˆ. (1.76)
This is just the transformation law needed to undo the gauge rotation of Ψˆ. It may seem
not obvious that the Wess-Zumino gauge could be imposed again. However to first order,
1.76 is given by δVˆ = i(Λˆ − Λˆ†) + O((ΛˆA)2) so that it is indipendent from Vˆ and r and
allows for the same freedom of the abelian case. As in the non supersymmetric theory also
the field strength Wˆ must be modified
Wˆα = −1
4
DDe−VˆDαeVˆ . (1.77)
This is still a left chiral superfield but no longer gauge invariant Wˆα → e−iVˆ WˆαeiVˆ . We
can now write down the most generic supersymmetric, renormalizable lagrangian, with a
G gauge symmetry5
L =
∫
d2θ
C
2k
Tr[WˆαWˆα + h.c] +
∫
d4θ Ψˆ†eVˆ Ψˆ. (1.78)
We will fix the constant C at the end, having to do with the gauge coupling. The θ-integral
must be performed in the Wess-Zumino gauge. We give the final results. The field strenght
superfield gives
WˆCα = −iλCα + θαDC − i(σµνθ)αFCµν + θ2(δBC∂µ − 12fABCσµαα˙AAµ )λ
α˙B
(1.79)
with FCµν = ∂µA
C
ν − ∂νACµ − 12fABCAAµABν . Therefore the first term in 1.78 amounts to
Tr[WˆαWˆα] = kWˆ
αCWˆCα with
Wˆα
C
WˆCα
∣∣
F
= −(F
C
µν)
2
2
− 2iλCσµ(δBC∂µ − 12fABCσµαα˙AAµ )λ
α˙B
+ (DC)2 − i
4
ǫµνρσFAµνF
A
ρσ.
(1.80)
For any perturbative calculation we can discard the last term which is a total derivative.
Turning to the Kahler potential
Ψˆ†eVˆ Ψˆ
∣∣
D
= (DµS)
†DµS + iDµψσµψ + 12S
†DCTCS +
(
i√
2
S†λCTCψ + h.c.
)
(1.81)
where Dµ = ∂µ+
i
2T
CACµ are ordinary covariant derivatives in the representation r. There
are factors 12 that appears where they should not, so we rescale Vˆ → 2gVˆ and choose
5If G contains U(1) factors the associated VˆU(1)
˛˛
D
are gauge invariant and can be added to L. These
are called Fayet-Iliopoulos terms.
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C = 14g2 being g the gauge coupling. Again the auxiliary fields D
C can be eliminated using
their equations of motion
DA + gS†TAS = 0. (1.82)
We are finally able to write the complete supergauge lagrangian as
L = −(F
C
µν)
2
4
− iλαCσµ(δBC∂µ − gfABCσµαα˙AAµ )λ
α˙B
+ (DµS)
†DµS + (1.83)
+iDµψσ
µψ +
(
i
√
2S†λCTCψ + h.c.
)
− g
2
2
∑
A
(S†TAS)2. (1.84)
Several things are worthy of attention. The set of gauginos live, as the gauge bosons, in
the adjoint representation of G as seen by inspection of the kinetic terms. They interact
with matter fields via a Yukawa coupling of gauge strength. Also we see that the gauge
structure also fix the form of the quadrilinear scalar interaction originating from the D
terms.
1.5.2 Lagrangians (III)
The Weyl notation for spinors is certainly useful to develop the machinery used in the
previous sections. Actually it is not the best way to do the computations. For the sake
of completeness we give the complete expression for the SUSY lagrangian in Majorana
notation. We consider a semisimple gauge group G made of various simple factors α, and
a superpotential term fˆ . One has
L =
∑
i
(DµSi)
†(DµSi) +
i
2
∑
i
ψi /Dψi +
∑
α,A
(
i
2
λαA( /Dλ)αA − 1
4
FµναAF
µναA
)
(1.85)
−
√
2
∑
i,α,A
(
S†i gαTαAλαAPLψi + h.c.
)
(1.86)
−1
2
∑
αA
(∑
i
S†i gαTαASi
)2
−
∑
i
∣∣∣∣ ∂f∂Si
∣∣∣∣2 (1.87)
−1
2
∑
ij
ψi
(
∂2f
∂Si∂Sj
PL + h.c.
)
ψj . (1.88)
1.6 Non renormalization theorem
At the beginning of the chapter we motivated the existence of a symmetry relating bosons
and fermions showing how the top loop quadratic divergences in the Higgs boson mass,
could be canceled introducing new scalar particles. We then "invented" supersymmetry
as a realization of this idea. Actually, the structure of the theory we are ending up with
constrains its own ultraviolet behavior in a much more powerful way than simply implying
the absence of quadratic divergences.
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Disregarding numerical factors we rewrite the most generic supersymmetric renormal-
izable lagrangian without Fayet-Iliopoulos terms as
L = Ψˆ†eVˆΨ∣∣
D
+
1
g2
ReWˆAWˆA
∣∣
F
+Re fˆ(Ψ)
∣∣
F
. (1.89)
We adopt a Wilsonian renormalization procedure. We fix a ultraviolet cutoff Λ and we
integrate out all particles with momenta greater than Λ. We obtain in this way an effective
lagrangian LΛ where all interactions, renormalizable or not, are present if allowed by the
symmetries. Furthermore, all these operators will appear with Λ dependent couplings.
If the regularization used preserves supersymmetry and the gauge symmetries6, the
non renormalization theorem states that
LΛ = KˆΛ(Ψ,Ψ†, Vˆ , ...)
∣∣
D
+
1
g2Λ
ReWˆAWˆA
∣∣
F
+Re fˆ(Ψ)
∣∣
F
. (1.90)
We defined KˆΛ to be a generic function of its arguments and their superderivatives, while
gΛ is the one-loop renormalized gauge coupling defined by
Λ
dgΛ
dΛ
= β(1 loop). (1.91)
Apart from non renormalizable interactions, which are negligible at low energy, we see that
the only radiative corrections appear as D terms. These are wave function renormalizations
and can depend at most logarithmically on the cutoff. Since the superpotential is not
modified, dangerous powerlike corrections to the dimensionful parameters of the lagrangian
are excluded. This solves the hierarchy problem in the sense that once all the masses and
couplings are tuned in the required way, quantum corrections will not spoil their relative
weight.
The proof of the theorem, available only for perturbation theory, depends heavily on
the symmetries of the SUSY lagrangian [5, 6]. In a SUSY theory two kinds of U(1) global
symmetries can be present. We will call a U(1) rotation a Peccei-Quinn (PQ) symmetry,
if each component of a superfield has the same charge Q. To have a lagrangian invariant
under this symmetry it is sufficient to have Q(Vˆ ) = Q(fˆ) = 0.
Eqs. 1.18 shows that we can define another kind of U(1) symmetry which assign a
non trivial charge to Qα. This is called R-symmetry. From 1.36 we see that if we put
R(Qα) = −1, then the superspace variables are charged with R(θα) = 1. If we assign
a certain charge R(Ψˆ) to a given chiral superfield Ψˆ, this give charge R(Ψˆ) to its scalar
component, and R(Ψˆ)− 1 to the fermionic one.
We want to construct a U(1)R invariant lagrangian. To have a symmetric kahler
potential we are forced to put R(Vˆ ) = 0: gauge bosons are R-neutral while gauginos
have R(λ) = 1. Since Wˆ ∼ DDD, the gauge kinetic term is invariant. Finally, since
fˆ
∣∣
F
=
∫
d2θfˆ , we must have R(fˆ) = 2.
6In a theory with vector-like fermions Pauli-Villars regularization is a possibility. The general statement
about the existence of such a regularization makes the various proofs of the non-renormalization theorem
somewhat heuristic.
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To prove the theorem we define a new lagrangian
L′ = Ψˆ†eVˆ Ψˆ∣∣
D
+Re XˆWˆAWˆA
∣∣
F
+Re Yˆ f(Ψˆ)
∣∣
F
. (1.92)
We introduced two new external left chiral superfields X and Y in such a way that the
original lagrangian is recovered once we put Y = 1 and X = 1
g2
. Since we assumed that
the regularization preserves supersymmetry and gauge invariance, the effective lagrangian
derived from L′ is the sum of a gauge invariant D term and of a gauge invariant F term
L′Λ = Aˆ(Ψ,Ψ†, Xˆ, Xˆ†, Yˆ , Yˆ †, Vˆ , ...)
∣∣
D
+Re Bˆ(Ψˆ, Wˆ , Xˆ, Yˆ )
∣∣
F
. (1.93)
We can enlarge the set of symmetries of L′ assigning fictitious charges to X and Y : this
define selection rules that restrict the kind of operators that can appear in the effective
lagrangian L′Λ. L′ has a U(1)R global symmetry if we define R(Yˆ ) = 2 and R(Vˆ ) =
R(Ψˆ) = R(Xˆ) = 0. Since Bˆ is holomorphic and every left chiral superfield in the theory
has positive R charge, Bˆ can be at most linear in Yˆ and bilinear in WˆA
Bˆ(Ψˆ, Wˆ , Xˆ, Yˆ ) = Yˆ fˆΛ(Ψˆ, Xˆ) + Wˆ
AWˆB gˆABΛ (Ψ, Xˆ). (1.94)
Furthermore a shift Xˆ → Xˆ + iδ, change the lagrangian 1.90 by a piece proportional to
ǫµνρσFAµνF
A
ρσ as shown in eq. 1.80. This perturbative symmetry is imposed on L′Λ, requiring
fˆΛ to be Xˆ independent and gˆΛ to be linear in Xˆ
Bˆ(Ψˆ, Wˆ , Xˆ, Yˆ ) = Yˆ fˆΛ(Ψˆ) + Wˆ
AWˆB(g0Λδ
AB + gAB(Ψˆ)). (1.95)
g0Λ is a constant and the δ tensor is required by gauge invariance.
The remaining coefficient functions can be determined using the small coupling ap-
proximation. We put Xˆ and Yˆ equal to their scalar components x and y and we make
the limit y → 0 and 1√
x
→ 0. In this limit the contribution to fˆΛ are only the tree level
ones so fˆΛ = fˆ . Moreover if y = 0 every vertex in 1.90 contains an equal number of Ψˆ
and of Ψˆ†, so gAB(Ψˆ) = gΛδAB . Insisting with y = 0, we can determine the two remaining
constants just counting the power of x (Px) in a given diagram. From 1.92 it follows that
each internal gauge propagator counts as −1, while a gauge boson vertex counts as +1, so
Px = Vgauge − Igauge. (1.96)
On the other hand the loop order of a given diagram is
L = Igauge + Imatter − Vgauge−matter − Vgauge + 1. (1.97)
Since all the gauge-matter vertices are of the form ΨΨV , in a diagram with no external
matter lines, the number of internal matter propagators is equal to the number of gauge-
matter vertices. As a result
Px = 1− L. (1.98)
Thereby, the term linear in Xˆ in the effective lagrangian L′Λ, is fixed by the tree diagrams
and g0Λ = 1. Finally, the Xˆ independent terms are fixed only by the one loop diagrams.
Substituting back Yˆ = 1 and Xˆ = 1
g2
, this proves 1.91 and conclude the proof of the
non-renormalization theorem.
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1.7 Breaking SUSY
Everything said till now rely on the assumption that supersymmetry is an exact symmetry
of Nature. We know however from section 2.2 that this imply the exact degeneracy of
particles in the same multiplet which is not true in the real world. Supersymmetry must
be broken and the breaking must be made in such a way that quadratic divergences do
not come back in. One way to do this is by a spontaneous breaking. This means having a
non supersymmetric vacuum Qα|0〉 or equivalently an operator O whose variation under
SUSY is non vanishing in the vacuum
〈0|δO|0〉 6= 0. (1.99)
If O is an elementary field then it must be the member either of a chiral multiplet or of a
vector multiplet. If we want to preserve Lorentz invariance δO must be bosonic, so that
O has to be a fermion. The possibilities are the following
δψ = i
√
2(σµξ)α∂µS +
√
2ξαF, (1.100)
δλα = iξαD +
1
2(σ
µνξ)αFµν . (1.101)
We learn two things. First, δO is never proportional to S so that we will be able to break
some internal symmetry without hurting SUSY; second we see that in order to have a non
zero variation it must be
〈F 〉 6= 0, or 〈D〉 6= 0. (1.102)
Notice also that this is consistent with 1.21, since the scalar potential of the theory is given
exactly by ∑(F †F
2
+
g2
2
D2
)
(1.103)
and for it to be non zero, 1.102 has to be true. Unfortunately the direct application of
these ideas is flawed by phenomenological reasons. It can be showed in full generality that
in a renormalizable theory where SUSY is spontaneously broken at tree level
Tr[(−1)2s(2s + 1)M2] = Tr[M2S]− 2Tr[M †FMF ] + 3Tr[M2V ] = 0, (1.104)
where s is the spin, and M2S, M
2
V , MF are respectively the squared mass matrices of scalars
and vectors, and the mass matrix of fermions in the theory. This theorem actually prevents
the construction of any realistic model of spontanously broken SUSY where the breaking
sector is not somewhat "hidden".
1.7.1 Soft SUSY breaking
Even if we cannot figure out what is the real cause of the breaking of supersymmetry
we can however parametrize this breaking in a general way. Assume SUSY is broken
in some hidden sector and somehow this breaking is communicated to our world. In
our low energy lagrangian, operators that are not supersymmetric will thus appear. We
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can try to classify all such terms with the only requirement that they do not spoil the
cancellation of quadratic divergences. These terms are called soft. The first thing to notice
is that dimensionless couplings λS are not soft. This happens because in principle nothing
prevents the appearance of a radiative correction like δm2h ∼
λ2S
16pi2Λ
2
UV . On the other hand,
if the theory does not contain gauge singlets, every dimensionful coupling msoft must be
soft. Divergences generated by these operators must vanish in the limit msoft → 0 and so
can be no more than logarithmic. Barring subtleties due to gauge singlets, the full set of
soft operators is given by [7]
Lsoft = (a˜ijSiSj + b˜ijkSiSjSk + m˜2ijS†i Sj + h.c.) +
∑
A
1
2
MAλ
AλA + h.c., (1.105)
which includes additional mass terms for the scalars, correction for the trilinear couplings,
and masses for the gauginos. The possibility to add terms like
Lsoft? = c˜ijkS†i SjSk + d˜ijψiψj + h.c (1.106)
is again connected with the presence of gauge singlets.
We can estimate the average dimension of the msoft terms. These, will tipically con-
tribute to radiative correction to m2h of the order
δm2h ∼ m2soft
O(1)
8π2
ln
ΛUV
msoft
(1.107)
If we want SUSY to explain the lightness of the Higgs then msoft . 1TeV , taking
ΛUV & 1TeV . This actually represents the scale of the splitting among superpartners
and also the order of magnitude of the mass of the lightest one.
Let us briefly discuss the two most important ideas to generate these terms. We
remarked in the previous section that the validity of 1.104 follows from two requirements,
renormalizability and the fact that the breaking appears at tree level. The first requirement
is dropped in supergravity (SUGRA) theories. There supersymmetry is extended to a local
symmetry giving rise to a theory of gravity where the graviton field comes together with his
spin 32 superpartner, the gravitino. SUGRA gets then spontaneously broken by a superfield
X that obtain a non vanishing 〈FX〉 term. The low energy effective lagrangian contains
non renormalizable terms suppressed by powers of MP l implied by supergravity. These
terms couple X to visible fields and soft terms will be generated. Dimensional analysis
gives approximately
msoft ∼ 〈FX〉
MP l
. (1.108)
For this to give a realistic spectrum and to be good for the hierarchy problem, we need√〈FX〉 ∼ 1010− 1011GeV . Much similarly to the breaking of an internal symmetry, when
SUSY is broken a massless Goldstone fermion, the goldstino, is generated. In the case
of SUGRA this fermion is eaten by the gravitino which acquires a mass m eG ∼
〈FX〉
MPl
and
interactions that scale like 1〈FX〉 . The gravitino couple with particles of the same multiplet
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fermions bosons SU(3)C SU(2)L U(1)Y
Gˆ GAµ G˜
A
8 1 0
Wˆ W iµ G˜
i
1 3 0
Bˆ Bµ B˜ 1 1 0
Qˆi
(
Ui
Di
) (
U˜i
D˜i
)
3 2
1
6
uˆi ui u˜
†
i 3 1 −23
dˆi di d˜
†
i 3 1
1
3
Lˆi
(
νi
Ei
) (
ν˜i
E˜i
)
1 2 −12
eˆi ei e˜
†
i 1 1 1
Hˆ1
(
H˜01
H˜−
) (
H01
H−
)
1 2 −12
Hˆ2
(
H˜+
H˜02
) (
H+
H02
)
1 2
1
2
Table 1.1: Matter content of the MSSM
in such a way that this coupling is non singular as 〈FX〉 → 0 (this actually means that the
coupling will be proportional to the mass splitting of the multiplet). In SUGRA scenarios
the gravitino has thus a mass comparable with msoft and negligible interactions.
Another way to obtain a phenomenologically viable pattern of SUSY breaking is known
as gauge mediated supersymmetry breaking (GMSB). Here the hidden sector that develop
the 〈FX〉 term is coupled at tree level with a messenger sector which has standard model
interactions and can transmit supersymmetry breaking to the visible world via loop effects.
Thus the range of the soft masses will be
msoft ∼ α
4π
〈FX〉
Mmess
, (1.109)
where Mmess is the average mass of the messenger fields and α is a SM gauge coupling.
In this case we can obtain the breaking with
√
〈FX〉 as lower as 104GeV , such that
the gravitino will be the lightest supersymmetric particle. Also, the coupling that the
gravitino inherits from the goldstino are not negligible, so that G˜ may be relevant for the
phenomenology.
1.8 The Minimal Supersymmetric Standard Model
We are finally able to write down a realistic supersymmetric extension of the SM [8]: the
Minimal Supersymmetric Standard Model (MSSM). Its matter content, shown in table 1.1,
is obtained by doubling the SM degrees of freedom with a minor modification. Apart
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from the doubling of particles due to supersymmetry, the only additional change is the
introduction of a new Higgs doublet. The reason for this follows from the requirement of
holomorphy for the superpotential. In the Standard model the set of Yukawa interaction
is given by
LSMY ukawa = λuijQiujH + λdijQidjH† + λeijLiejH† + h.c. (1.110)
so that in a supersymmetric theory a new Higgs field with hypercharge −12 must be intro-
duced
H, H† → Hˆ2, Hˆ1. (1.111)
Given the gauge group, the theory is specified by the superpotential and the set of soft
SUSY breaking terms. The first is given by
fˆMSSM = λ
U
ijUˆiuˆjHˆ2 + λ
D
ij UˆidˆjHˆ1 + λ
E
ijLˆieˆjH1 + µH1H2. (1.112)
The last term, called µ term, is introduced to break a U(1) symmetry that come in once
we introduce a new Higgs doublet, and to allow a consistent breaking of the electroweak
group. µ is the only dimensionful parameter in the supersymmetric lagrangian. The soft
terms are all those allowed by gauge invariance
Lsoft = −(Auλu)ijQ˜iu˜†jHˆ2 − (Adλd)ijQ˜id˜†jHˆ1 − (AEλE)ijL˜ie˜jH1 + h.c. (1.113)
(m˜2Q)ijQ˜
†
iQj − (m˜2u)ij u˜†iuj − (m˜2d)ij d˜†idj − (m˜2L)ijL˜†iLj − (m˜2e)ij e˜†iej(1.114)
−m2H1|H1|2 −m2H2 |H2|2 − (BµH1H2 + h.c.) (1.115)
−M1B˜B˜ −M2W˜ iW˜ i −M3G˜AG˜A. (1.116)
Actually it is not true that we included all pieces allowed by gauge symmetries. Terms like
LˆLˆeˆ, LˆH2, LˆQˆdˆ uˆdˆdˆ (1.117)
may be added which, most importantly, are totally excluded by experiments, because are
renormalizable interactions that violate lepton number L (the first three) or barion number
B (the last one). These were accidental symmetries in the SM, but we see that this is no
longer true in the MSSM. We can avoid these operators introducing a discrete Z2 symmetry
called R-parity or matter parity defined by
R = (−1)2s+3(B−L), (1.118)
where s is the spin of the particle and the B and L assignments are the standard ones, with
the Higgs and the vector superfields carrying no B and L charge. All the terms in 1.117 are
forbidden once we require that an operator can appear in the lagrangian only if its R-parity
is +1. One sees from 1.118 that all the SM particles together with all the Higgs bosons are
R even, while squarks, sleptons, gauginos and higgsinos are R odd. This is an important
statement for phenomenology, because it implies that the lightest supersymmetric particle
(LSP) is stable.
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1.9 Some properties of the MSSM
We are not going to discuss the MSSM in detail. We just want to focus on two unsat-
isfactory points and a really good one. Writing down the scalar potential and allowing
H01 and H
0
2 to develop a neutral and real vev (it can be checked that the minimization
conditions always preserve electromagnetism and CP invariance), EWSB can be achieved.
The minimization of the potential determines two constraint equations
Bµ =
(m21 +m
2
2 + 2µ
2) sin 2β
1
, (1.119)
M2Z
2
= −µ2 + m
2
H1
−m2H2 tan2 β
tan2 β − 1 , (1.120)
with tan β =
〈H02 〉
〈H01 〉
. We see that in order to get the desired value of the Z mass without
too much tuning of the parameters, µ ∼ mH1 ∼ mH2 ∼ MZ . While mH1 and mH2 may
be comparable since both related to supersymmetry breaking, there is a priori no reason
for µ to be also related to mH1 , mH2 . In other words, while mH1 ∼ mH2 ∼MZ , is almost
a definition for the soft masses, there is no good theoretical reason for a dimensionful
parameter appearing in the superpotential to be comparable to MZ
7. This is referred to
as the µ problem.
The second issue is found calculating the masses of the physical Higgs bosons. The
model contains two CP even, one CP odd scalars and one charged scalar. It turns out
that at tree level the mass of the lightest Higgs boson is bounded by
m2h ≤M2Z cos2 2β. (1.122)
The reason is that the only source of quartic coupling for the Higgs field is the gauge
D-term, which is small, being proportional to g2. As it stands the bound 1.122 rules out
the MSSM, since the lightest Higgs boson is neutral, it has properties close to those of the
SM Higgs boson and no such particle has been found at LEP2 with a mass below about
115GeV . This limit can be, however, evaded by adding radiative corrections to mh which
turn out to be big. Among these, the most important are those due to a stop (top) loop,
which, neglecting the soft Au terms, and considering a single stop of mass met are given by
m2h = m
2(tree)
h +
3m4t
4π2v2
ln
m2
et
m2t
. (1.123)
7Actually such a motivation can be found [10]. Suppose M is a big mass scale and the lagrangian
contains a non renormalizable Kahler term like
1
M
Z
d
2
θd
2
θXˆ
†
Hˆ1Hˆ2 (1.121)
where Xˆ is a singlet chiral superfield. If for some reason Xˆ acquires a supersymmetry breaking F term,
〈Xˆ〉 = 〈X〉 + 〈FX〉θ
2, an effective µ = 〈FX〉
M
is generated. We see that in SUGRA theories such a µ term
can be of the right order of magnitude.
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Figure 1.1: Running of the coupling constants in the standard model (left) and in the MSSM
(right). The red thick line is the strong coupling, with its error.
To make mh grow up to the LEP experimental limit of 115GeV a stop at least as heavy
as 600, 700GeV is needed. This big stop mass indirectly feed m2H2 through loop effects
and due to 1.120 this result in a conspicuous tuning of the theory. This tuning can be
estimated, for example, in a SUGRA model, where we find ∆MZ ≃ (2 − 3)m2et . This is
not surprising, given that the top, and so the stop, are the particles with the strongest
coupling to the Higgs boson.
However there is a really good point in the MSSM, namely gauge coupling unification.
It is known that all the SM particles can be arranged to fit inside complete representations
of a simple group that contain SU(3)C × SU(2)2 × U(1)Y as a subgroup. This happens
for example in SU(5), with a 5 containing d and L, and a 10 containing u, Q and e.
In the standard model, however, gauge coupling unification does not really work: uni-
fication is far from being achieved and, however, the coupling constants meet at an energy
which is too low for the experimental data concerning proton decay. In the MSSM each
one of these two issues is solved, as shown in Fig.1.1. It is the addition of the new Higgs
doublet and of the higgsinos that is fundamental to achieve unification. The introduction
of the new scalars and of the gauginos do not change the overall picture but for reducing
the speed of running of the coupling constants at high energy, thus delaying unification.
It must be remarked that we should not be too naive about this derivation. Going to two
loops things get a bit worse and corrections due to superpartner and unification thresholds
respectively at low and high energy introduce some non negligible uncertainties in this
picture.
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Chapter 2
The NMSSM with mh >115 GeV
Having discussed the loose points of the MSSM we now try to fix them. Actually both the
µ-problem and the lightness of the Higgs mass can be solved in one shot extending in a
very minimal way the model. We introduce an additional chiral supermultiplet Sˆ which is
assumed to be a singlet under the full standard model gauge group. The new set of fields
allow for a new superpotential term of the form
fˆ = λSˆHˆ1Hˆ2 − 1
3
κSˆ3 (2.1)
together with a set of soft SUSY breaking terms
Vsoft = m
2
H1|H1|2 +m2H2 |H2|2 +m2S |S|2 − (λAλSH1H2 + h.c.)− (
1
3
κAκS
3 + h.c.). (2.2)
This lagrangian defines the Next to Minimal Supersymmetric Standard Model (NMSSM)[11,
12]. Notice that no bilinear terms are present in the superpotential. The non-renormalization
theorem assures that these will not be generated.
The introduction of new fields in the low energy theory allows U(1) symmetries to
appear again. We can in principle have an R or a Peccei-Quinn symmetry. Disregarding
the soft terms we can assume the charge assignments of table 2.1. While the R symmetry
is automatically there, the PQ symmetry requires to have κ = 0. We can motivate the
absence of any dimensionful term in fˆ by imposing one of these two symmetries: the µ
term and a possible supersymmetric mass for the singlet are in fact not invariant under
any of these two phase rotations. It is nevertheless possible to obtain an effective µ term,
which as already remarked is needed for a viable phenomenology, if S is allowed to get a
non zero vacuum expectation value
µeff = λ〈S〉. (2.3)
Qˆ, Lˆ uˆ, dˆ, eˆ H1 H2 S
PQ −12 −12 1 1 -2
R 1 1 1 1 1
Table 2.1: Charge assignments for the PQ and R symmetries
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This dynamic is driven by the potential for the scalar fields and since the only dimensionful
parameters there are the soft breaking terms, we get µeff ∼ msoft ∼ MW , thus giving a
beautiful explanation for a natural µ.
As it will become clear later the solution for the lightness of Standard Model like
Higgs boson is also at hand. After the electroweak symmetry breaking the λ trilinear will
contribute a term to the squared mass given approximately by
∆m2h ∼ λ2v2 sin2 2β (2.4)
How important is this extra term in 2.4 depends, other than on tan β, on the value of λ
at the Fermi scale. Here two different approaches emerge. One can decide to give up with
manifest perturbative unification of the gauge couplings and keep λ as big as possible with
the only limit given by the electroweak precision tests. This allows λ . 2 and mh as large
as 300GeV [14]. Here we require λ to stay perturbative up to the grand unification scale.
This will put several constraint on the parameters.
2.1 Parameter space
In this section we try to understand the parameter space of the theory. The Higgs scalar
potential is made of three pieces
V (H1,H2, S) = VD + VF + Vsoft, (2.5)
VD =
g′2 + g2
8
(|H1|2 − |H2|2)2 + g
2
2
|H†1H2|2 (2.6)
VF = |λ|2(|S|2|H1|2 + |S|2|H2|2 + |H1H2|2) + |k|2|S|4 − (λκ∗H1H2S∗2 + h.c.) (2.7)
VD, the gauge part of the potential, is fixed once and for all by the quantum numbers of
the particles. Since the new degrees of freedom are singlets they do not affect VD that
will keep the same form as in the MSSM. VF comes from the superpotential by the usual
relations, and last we have the soft terms Vsoft in 2.2. We see that the theory is specified
by 7 parameters
λ, κ, Aλ, Aκ, m
2
S, m
2
H1, m
2
H2. (2.8)
The last two masses can be traded for the v and tan β. Notice also that the parameters
can be complex. Performing a phase redefinition in H1 and S it is possible to make the
Vsoft couplings λAλ and κAκ real and positive, which lets behind one real phase, that of
λκ∗. For simplicity it will be assumed that all the couplings in 2.8 are real. In general a
potential with two Higgs doublets and a singlet, will suffer of spontaneous CP violation
even without explicit phases among its parameters. It can be proved, however, that with
the superpotential under consideration (and its related soft terms) this never happens [13]:
complex vevs for the Higgs fields are always related to unstable minima.
We want to get a consistent electroweak symmetry pattern, that is breaking SU(2)L×
U(1)Y down to U(1)EM , generating an effective µ term. If this is going to be possible we
should be able to write
〈H+〉 = 〈H−〉 = 0, 〈H0i 〉 = vi, 〈S〉 = vS , i = 1, 2 (2.9)
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with positive vevs, v1, v2, vS . Since CP is a good quantum number, the introduction of
an extra chiral supermultiplet brings in a new couple of scalar fields, one CP even and one
CP odd.
2.1.1 The mass of the lightest neutral scalar
At tree level of all the neutral fields only the linear combination which assumes a vev will
couple to a pair of massive vector bosons. This can be seen expanding the kinetic terms
for the doublets
(DµH1)
†(DµH1) + (DµH2)†(DµH2) (2.10)
and keeping the terms of the form V V HH
∆L =
(
g′2 + g2
4
ZµZ
µ +
g2
2
W+µ W
−µ
)
(|H01 |2 + |H02 |2) (2.11)
The trilinear term is now obtained substituting a vev in the H fields. It is thus obvious
that, at tree level, only the combination
h = cos βH01 + sinβH
0
2 (2.12)
will be coupled with the gauge bosons with couplings identical to those of the SM Higgs
boson. Furthermore, for every scalar potential of the form
V (H1, H2, S) = VD(H1, H2) +m
2
1(S)|H21 |+m22(S)|H22 |+ (2.13)
−(m23(S)H1h+ 2 + h.c.) + λ2|H1H2|2 + VS(S)
the mass of this state is, at tree level,
(m0h)
2 =M2Z cos
2 2β + λ2v2 sin2 2β (2.14)
To see this, it is necessary to minimize the potential with respect to the two vevs v1 and
v2.
∂V
∂v1
=
∂VD
∂v1
+ 2m21v1 − 2m23v2 + 2λ2v1v22 = 0 (2.15)
∂V
∂v2
=
∂VD
∂v2
+ 2m22H
0
2 − 2m23v1 + 2λ2v21v2 = 0 (2.16)
Since we are only interested in the dependence on h2 and the other states do not develop
a vev, we can substitute everywhere H01 → cos β h and H02 → sinβ h and drop the rest,
obtaining the three equations
m21 cos
2 β −m23 sin β cos β + λ2 sin2 β cos2 β h2 +
1
2h
∂VD
∂v1
= 0 (2.17)
m22 sin
2 β −m23 sin β cos β + λ2 sin2 β cos2 β h2 +
1
2h
∂VD
∂v2
= 0 (2.18)
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V = VD +m
2
1 cos
2 β h2 +m22 sin
2 β h2 − 2m23 sin β cos β h2 + λ2 sin2 β cos2 β h4 (2.19)
We see that substituting the first two into the third, the dependence of V (h) onm21, m
2
2, m
2
3
disappears and a little further work shows 2.14.
To this tree level value we add the most important radiative corrections coming from
a top-stop loop, obtaining as before
m2h = (m
0
h)
2 +
3m4t
4π2v2
ln
m2
et
m2t
. (2.20)
This value is an upper limit for the mass of the lightest physical CP even particle which
will in general be a superposition of ReH01 , ReH
0
2 and ReS. If the singlet component is
small this state will be a SM like Higgs boson and LEP2 data impose mh > 115 GeV.
If we want to insist on the idea of a moderate stop mass, there are two further effects
contributing to mh. The first is the dependence of the tree level mass m
0
h on λ. The
second is the possibility for h to mix with one lighter state among the two CP even scalars.
This mixing will help increasing mh, but at the same time will give a non vanishing V V
coupling to the lighter state, which will become "visible" to LEP. In the next sections we
will investigate these two effects. We will determine an upper bound on λ at the Fermi
scale and we will show that consistency with LEP data requires a small enough mixing.
2.2 Running of λ ad κ
A first question to ask is how big can the low energy value of λ and κ be in order to
maximize 2.14 without spoiling the perturbativity of the theory. To do this we have to
study the renormalization group equation (RGE) for the relevant couplings of the theory.
These are the gauge coupling constants, properly normalized as couplings in a grand unified
theory
g1 =
√
5
3
g′, g2 = g, g3 = gS , (2.21)
the yukawa coupling of the top yt, and the two superpotential couplings λ and κ. The one
loop order RGE for the relevant couplings are
dgi
dt
=
1
16π2
big
3
i , b1 =
33
5
, b2 = 1, b3 = −3 (2.22)
dyt
dt
=
yt
16π2
(6y2t + λ
2 − 13
15
g21 − 3g22 −
16
3
g23) (2.23)
dλ
dt
=
λ
16π2
(4λ2 + 3y2t + 2κ
2 − g21 − 3g22) (2.24)
dκ
dt
=
κ
16π2
(6κ2 + 6λ2) (2.25)
where t = lnµ. At one loop the equations for the running of the gauge couplings are
decoupled from the others and so can be solved indipendently and analitically in terms of
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Figure 2.1: Maximum for the weak scale value of λ (left) and for the tree level higgs mass mh
(right), for κ(MZ) = 0 (full) and κ(MZ) = 0.2 (dashed). The radiative correction to mh due to a
300 GeV stop is included.
the α’s, given their initial condition, say at MZ
αi(t) =
αi(0)
1− αi(0) bi2pi t
t = ln
µ
MZ
(2.26)
Defining MGUT as the scale where α1 and α2 unify, we get MGUT ∼ 2 · 1016GeV . We will
define a generic yukawa coupling y to be perturbative at a certain scale µ if y(µ) ≤ 0.3 4π.
We can further simplify the RGE’s noticing that the running of yt is almost independent
of λ. This running, in a theory with two Higgs doublets, differs from the SM running
because the relation between the the top quark pole mass depends on an extra parameter
mt = ytv sin β. (2.27)
This imply that if tan β is too small we will hit the perturbativity limit before unification.
With the present determination mt = 171GeV , which gives a lower bound on tan β of 1.4.
A qualitative understanding of the running can be gained by examining the RGEs. λ
and κ will be strongly reduced in the running with a curve that is steeper for larger initial
conditions at MGUT . This qualitative behaviour is expressed by the cubic term in the
equations. This term is bigger for the κ coupling which means that for the same initial
value the low energy value of κ is smaller. This effect is also strengthened by the presence
of gauge coupling in the RGE for λ which, carrying a negative coefficient, tend to slower
its running. It can be checked numerically that for the whole set of perturbative initial
values at MGUT the low energy values of λ and κ will satisfy the approximate relation
λ2 + κ2 ∼ 0.6. In Fig.2.1 we show the maximum allowed value of λ(MZ) and mh as a
function of tan β for various values of κ(MZ). The radiative correction for mh in 2.20 with
a stop mass of 300GeV is included. We see that, as expected, λ(MZ) is maximized for
κ = 0. However the situation seems contrived, since the LEP bound of 115GeV is barely
touched. The plateau in mh seen in Fig.2.1 is due to the fact that when tan β becomes
big we actually fall into an MSSM like regime, since the extra term 2.4 in m2h becomes
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Figure 2.2: Running of of the gauge coupling constants. The red dashed line is the position of
the extra matter multiplets.
irrelevant. If we are not willing to change the theory any further we are forced to resort
to the mixing of h with the lighter state to push its mass above the experimental limit.
2.3 Extra matter at intermediate energies
A possible way to evade the limit explained above without investing too much on mixing,
is found again by examining the RGE for the top yukawa coupling. We see that the gauge
couplings appear there with a negative sign, thus effectively slowing down the running of
yt. The bigger the gauge couplings, the slower yt and λ will run so that the upper bound
on λ(MZ) can be risen. It is worth to remark that the prominent effect does not come
from g1 and g2 appearing directly in λ but from the indirect effect of g3 in yt.
A general way to make the gauge coupling stronger at high energy is to introduce
new heavy strongly interacting matter [15]. To be consistent with unification this extra
species must be arranged in complete and non chiral representation of a simple group that
contains the standard model SU(3)C × SU(2)L ×U(1)Y as a subgroup1. This matter can
for example fill a 5 + 5 of SU(5) or a 10 of SO(10). From now on we will stick with the
first possibility since we do not want to build the most general theory, but simply show
how this idea can be developed successfully.
We assume then that n5 multiplets transforming as a 5 + 5 of SU(5) are placed at a
certain energy scale M5. It is obviously possible to spread the multiplets in energy. Let
us fix all of them at M5 for simplicity. What happens to the coupling constants? Being
SU(5) a unifying group, introducing complete representations of it will shift all the bi by
1The presence of these extra multiplets is, for example, common in every model of gauge mediated
SUSY breaking.
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Figure 2.3: Maximum for the weak scale value of λ (left) and for the tree level higgs mass mh
(right), if 3 vectorlike representation of SU(5) are added at 1 TeV. κ(MZ) = 0 (full), κ(MZ) = 0.2
(dashed).
the same amount. It is actually found that
bi
∣∣
SM+n5
= bi
∣∣
SM
+ n5, i = 1, 2, 3 (2.28)
At one-loop this means that the gauge couplings will unify at the same scaleMGUT but with
a higher value of the final αGUT . This effect is shown in Fig.2.2, where we put 3 additional
5+5 at M5 = 1TeV . Insisting with M5 = 1TeV it is found that perturbativity is lost for
n5 > 3. Taking this maximal allowed value, we show in Fig.2.3 the same plot as in Fig.2.1
for the maximum value of λ and mh, again with a stop of 300GeV . We see that a value of
125GeV for mh can be reached, so that LEP limits are easily evaded, and again we find a
preference for lower value of tan β.
2.4 Two loop effects
As we have already remarked in Sect.1.9, 2-loop corrections in the MSSM tend to worsen
the unification of the coupling constants as achieved at 1-loop. The same thing happens
here. We will now sketch the derivation of some of the most important corrections to the
1-loop unification picture. For a complete discussion we refer to the original work [1].
The best way to test the predictions of a theory about unification, is by confronting
the predicted value of α3(MZ) with the experimental one. We define αGUT and MGUT
as, respectively, the value of the coupling constant and the energy scale where α1 and α2
unify. We then use the RGEs to run α3 down to low energy and we obtain a prediction
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for α3(MZ). The relevant experimental parameters
2 are
α(MZ)
−1 = 127.918 ± 0.018 (2.29)
sin2 θW (MZ) ≡ s2W = 0.23122(15) (2.30)
α3(MZ) = 0.1176(20) (2.31)
δα3
α3
= 1.7% (2.32)
These are related, at lowest order, to α1(MZ) and α2(MZ) by
1
α1
=
3
5
1− s2W
α
,
1
α2
=
s2W
α
. (2.33)
At 1-loop order Eqs. 2.22 are solved exactly to give
1
α1−loop3
=
1
7
(
− 5
α1
+
12
α2
)
≃ 0.117, δα3
α3
∣∣∣∣
1−loop
= 0.5% (2.34)
In general we see that small corrections δi affecting the low energy value of the α
−1
i s will
contribute in a shift from its central value given by
δα3
α3
(MZ) = −α3
7
(5δ1 − 12δ2 + 7δ3). (2.35)
The first kind of corrections to investigate are those coming from the 2-loop running.
The RGEs are
dα−1i
d lnµ
= − 1
2π
(
bi +
∑
j
bij
4π
αj
)
(2.36)
bi =
 335 + n51 + n5
−3 + n5
 , bij =
19925 + 715n5 275 + 95n5 885 + 3215n59
5 +
3
5n5 25 + 7n5 24
11
5 +
4
15n5 9 14 +
34
3 n5
 .
These can be solved perturbatively
1
αi
=
1
αG
+
1
2π
∫ t
0
dt′(bi +
∑
j
bij
4π
αj) ≃ (2.37)
≃ 1
αG
+
bit
2π
+
∑
j
bij
8π2
∫ t
0
dt′
α−1G +
bjt
2pi
=
=
1
αG
+
bit
2π
+
∑
j
bij
4πbj
ln
(
1 + αG
bjt
2π
)
2These parameters are defined in the MS renormalization scheme. We will not, however, care about
possible corrections related to a scheme change.
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where we defined t = ln MGMZ . The δ
2−loop
i are hence given by
δ2−loopi =
∑
j
bij
4πbj
ln
(
1 + αG
bjt
2π
)
. (2.38)
Using Eq.2.35 we can calculate the 2-loop corrections to α3(MZ). We get
n5 = 0,
δα3
α3
(MZ) = 9.8% (2.39)
n5 = 3,
δα3
α3
(MZ) = 3.8%
In both the cases, the addition of the 2-loop contribution raises the prediction for α3(MZ)
over the 1-loop value, in a way not completely consistent with the experimental data.
When the extra multiplets are present this effect is less important.
To these calculable corrections we must add possible threshold effects which are a priori
unknown and must be properly understood as theoretical uncertainties in the picture. In
our model the extra matter feels the breaking of SU(5), and each 5 + 5 multiplet splits
into
5 + 5 → (3,1,−13 )⊕ (1,2, 12)⊕ (3,1, 13 )⊕ (1,2,−12 ). (2.40)
Notice that this matter contributes at one loop with the same β function of a couple of
dˆ and a couple of Lˆ. Each triplet Ti has a mass MTi different, in general, from the mass
MDi of the doublets. Each splitted SU(5) multiplet shifts, at 1-loop, the central value of
α3(MZ) by
δα3
α3
=
9α3
14π
ln
MTi
MDi
≃ 2.4% ln MTi
MDi
. (2.41)
The result is obtained inspecting the 1-loop RGEs in the presence of the mass split-
ting.These threshold corrections work to increase α3(MZ), partially undoing the extra
matter effect in the 2-loop correction which worked in the opposite direction. At the end
of the day we can say that the predictions of unification may not be altered too much by
the presence of extra SU(5) matter.
2.5 Mixing among interaction eigenstates
As already remarked, the most straightforward possibility to raise the mass of a state, is
to mix it with a lighter one. In the NMSSM there are actually 2 CP even states that can
mix with h. If the mixing is small, the two effects can actually be added independently.
For simplicity we can forget about one of the two states and consider a 2×2 problem made
of a pair of interaction eigenstates h and s: h with SM coupling hZZ and s being a singlet
under the gauge group. These two levels get mixed by their mass matrix which has the
form
M2 =
(
m2h δ
δ m2s
)
(2.42)
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with the assumption that ms < mh. Fixing mh the mixing angle θ will be uniquely
determined once the mass eigenvalues mS1 < mS2 are known. We write for the two mass
eigenstates (
S2
S1
)
=
(
cos θ − sin θ
sin θ cos θ
)(
h
s
)
. (2.43)
Consider now an higgsstrahlung process of the following kind
e−
e+
Z0
Z0
S1
Since s is a singlet with no coupling to the Z boson, the cross section for this event
will be vanishing in the limit of no mixing between the two states. However when θ 6= 0
the process will be possibe and
σ(e+e− → ZS1) = sin2 θσSM(e+e− → ZS1) (2.44)
where for σSM we mean the cross section for the Higgstralhung process for a SM Higgs
with mass mS1 . In a general theory, like the NMSSM, the general relation
σ(e+e− → ZS1) = ξ2S1ZZσSM (e+e− → ZS1) (2.45)
will be valid where
ξS1ZZ =
(
gS1ZZ
ghZZ
)2
(2.46)
is the squared ratio between the hZZ coupling (identical to the SM one) and the S1ZZ
coupling. It is now possible to contraint the value of ξS1ZZ , from the non observation of
processes like e+e− → ZS1 → ZX , where X is the final state in which S1 is supposed to
decay.
Such an analysis is made in [16] using LEP2 data, for various X topologies. The ones
that are more relevant to us are actually two. The case in which X = bb, in a standard
model fashion, and the case in which X = bb bb with unit branching ratio. This latter case
is interesting, as we will see in the following chapter, and can be realized as a chain decay
S1 → aa→ bb bb where a is a sufficiently light pseudoscalar which decays most of the time
in bb. Limits are expressed as the maximum value for ξS1ZZ
3 in the plane (mS1 , ma).
In Fig. 2.4 we show these limits in the plane (mS1 , mS2). We make two choices for
mh, namely 110GeV and 120GeV . In each case we have to stay below the full line for
X = bb and below the dashed one for X = bb bb. In view of Fig.2.4 we see that insisting on
a moderately heavy stop and no extra matter at intermediate energies, which is the case
3When we talk about limits we always refer to 95%C.L..
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Figure 2.4: For a Higgs with a tree level mass mh = 110, 120GeV we plot the limits on the
mixing of this state with a lighter siglet state, in the plane of the physical masses (after mixing).
The limits are obtained as a 95%C.L. limits on the ratio ξS1ZZ , assuming two possible topologies:
i) S1 → bb whit BR = 1 (full line); ii) S1 → aa → bb bb with BR = 1 and ma = 20GeV (dashed
line).
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for mh = 110GeV , we are forced to live in a very narrow region of the parameter space,
namely above mS2 = 115GeV but below the dashed line.
Finally we mention the possibility that S1 decays with unit branching ratio in a pair
of a, and we take ma < 2mb, so that the preferred final state is X = ττ ττ . Given the
reduced experimental sensitivity on this channel, the bound on the coupling of the lightest
scalar is relaxed. This possibility is considered in [18].
Chapter 3
The PQ limit of the NMSSM
We will now consider a particular example of the framework described in the previous
chapter. Let us switch off the κ term in the superpotential and the relative soft breaking
interaction. We are actually choosing the PQ symmetry, that is restored in this limit, as
the preferred solution to the µ problem. This choice is motivated: first, neglecting κ we are
actually raising to its limit the upper bound for λ at the weak scale; second, nothing in the
lagrangian now breaks explicitly the symmetry. This is in constrast with the R case where,
for example, the λA-term in Vsoft is a source of explicit breaking . Assuming the existence
of a PQ symmetry allows to reduce the number of free parameters. A small breaking of
this symmetry must, however, be present to avoid an exactly massless Goldstone boson.
We take any such breaking small enough that its only effect can be absorbed in the mass
of the (pseudo-) Goldstone boson.
3.1 The scalar potential
We want now to analize the scalar sector of the theory and obtain the various constraint
from the stability of the vacuum. The full scalar potential is given by
V (H1,H2, S) =
g′2 + g2
8
(|H1|2 − |H2|2)2 + g
2
2
|H†1H2|2 (3.1)
+ |λ|2(|S|2|H1|2 + |S|2|H2|2 + |H1H2|2) + (3.2)
− (λASH1H2 + h.c.) +m2H1 |H1|2 +m2H2 |H2|2 +m2S|S|2 (3.3)
There are 5 parameters in this potential
λ, A, m2S, m
2
H1, m
2
2 (3.4)
plus the mass mG for the Goldstone boson that will appear when S acquires a vev. As
usual there will be a relations among 3.4 determining v and we will usually trade m21 and
m2H2 for v and tan β. Table 3.1 makes a comparison between the three models discussed
in this thesis. We can also see that by a redefinition of the S field we can assume λ,A > 0
eliminating any possible explicit CP violating phase from the scalar sector.
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Model Parameters
MSSM tan β, µ, B
NMSSM tan β, mS, λ, Aλ, κ, Aκ, φCP
NMSSM (PQ) tan β, mS, λ, A, (mG)
To proceed we make an SU(2)L rotation to choose the possible classical vacuum of the
theory in the form
〈H1〉 =
(
v1
v−
)
, 〈H2〉 =
(
0
v2
)
, 〈S〉 = vS (3.5)
The scalar potential becomes
〈V 〉 = g
′2 + g2
8
(|v1|2 + |v−|2 − |v2|2)2 + g
2
2
|v−|2|v2|2 + (3.6)
+ λ2|vS |2(|v1|2 + |v−|2 + |v2|2) + λ2|v1|2|v2|2 + (3.7)
− (λAvSv1v2 + h.c.) +m2H1(|v1|2 + |v−|2) +m2H2|v2|2 +m2S |vS |2 (3.8)
We see that in order to preserve electromagnetism in the vacuum, v− should be zero, which
translates in
m2H1 + λ
2|vS |2 + g
′2
4
(|v1|2 − |v2|2) + g
2
4
(|v1|2 + |v2|2) > 0 (3.9)
This condition is equivalent to the requirement that the charged degree of freedom should
have a positive squared mass. Assuming this indeed holds we can rewrite the neutral scalar
potential as
〈Vneutral〉 = g
′2 + g2
8
(|v1|2 − |v2|2)2 + λ2|vS |2(|v1|2 + |v2|2) + λ2|v1|2|v2|2 (3.10)
− (λAvSv1v2 + h.c.) +m2H1|v1|2 +m2H2|v2|2 +m2S|vS |2 (3.11)
In this form it is possible to notice that the stability of this potential demands a positive
value of m2S, otherwise along the direction (0, 0, 1) the hamiltonian will not be bounded
from below. The stationary points are calculated solving the following set of equations
∂〈Vneutral〉
∂v∗2
= 0,
∂〈Vneutral〉
∂v∗1
= 0,
∂〈Vneutral〉
∂v∗S
= 0 (3.12)
[m2H2 + λ
2(|v1|2 + |vS |2) + g
′2 + g2
4
(|v1|2 − |v2|2)]v2 = λAv∗Sv∗1
[m2H1 + λ
2(|v2|2 + |vS |2)− g
′2 + g2
4
(|v1|2 − |v2|2)]v1 = λAv∗Sv∗2 (3.13)
[m2S + λ
2(|v1|2 + |v2|2)]vS = λAv∗1v∗2
Multiplying the three equations together we get that v1v2vS has to be real and positive.
Via an hypercharge transformation we can set v1 > 0. The other relative phase cannot be
determined and this is consistent with the fact that the theory has an U(1) global symmetry
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Figure 3.1: Allowed region of the parameter space imposing global stability and µeff > 104GeV ,
for (λ, tanβ)=(0.65, 1.5) (red), (0.6, 2) (black),(0.75, 2.5) (blue).
under which the scalars transform. Once the PQ invariance is broken this degeneracy is
removed. We will assume that the breaking is such that no phase appears, so that we can
take v1, v2, vS > 0. Eqs. 3.13 can be manipulated to obtain the set of relation that we
were looking for, linking v and tan β to the less physical parameters m2H1 and m
2
H2
M2Z = λ
2v2 − A
2
1 + x
+
m2H2 −m2H1
cos 2β
sin2 2β = 2
[
1 + x− (1 + x)2m
2
H1
+m2H2 + λ
2v2
A2
]
(3.14)
vS =
A
2λ(1 + x)
sin 2β
Not every vacuum specified by 3.14 is stable or physically acceptable. We have already
required m2S > 0 to have a bounded potential. We also need to enforce condition 3.9
together with the requirement that 3.14 has to be a local minimum, so that all the scalars
will have a positive squared mass. In addition global stability requires that the vacuum
3.14 should be preferred to the trivial one where v1 = v2 = vS = 0.
In principle the theory has 4 free parameters λ, tan β, A and mS. However following
the discussion of the previous chapter, for a given value of tan β we can fix λ to its upper
limit in a way that every result can be represented in the plane (mS , A). In Fig.3.1 we
show the allowed portion of this plane for fixed values of tan β. We see that mS can hardly
exceed 70GeV . The upper bound on A follows from vacuum stability, the lower one on
the additional requirement that µeff > 104GeV , since in the approximation where the
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Figure 3.2: Fine tuning with respect to A and m2H1 −m2H2 as a function of A, the first for the set
of value (tanβ, λ) = (1.5, 0.65), (2, 0.7), (2.5, 0.7) (from up to down), the second, independent
from tanβ for λ = 0.6, 0.7, 0.8 (from top to bottom). Each one for mS = 0
electroweak gaugino soft masses are big, µeff becomes the mass of the lightest chargino,
which is excluded by LEP for lower mass values.
3.2 Fine tuning estimates
We have already talked of the naturalness condition on the stop mass in the MSSM in
section 1.8. Now we address the same issue in the NMSSM under consideration concerning
all the parameters. The standard way to discuss this problem is the following. Given
the fundamental parameters a1, . . . , an of the theory and the relation linking a set of
observables Oi to them,
Oi = Oi(a1, . . . , an) (3.15)
it may happens that in some region of the parameter space a small variation of one or
more of the ai brings in a big variation of the observable. That is, to live in such regions,
the parameters need to be highly correlated. This can be quantified by introducing the
logarithmic derivative of Oi with respect to the ajs [17]
∆ =
∣∣∣∣∂ lnOi∂ ln aj
∣∣∣∣. (3.16)
∆ is called fine tuning. 1∆ can be viewed as the amount of accidental cancellations (or of
"fine tuning") among different ais. We want ∆ to be small. How small become meaningful
when we compare tuning among different observables or theories.
In general the most important observables are v2 orM2Z . In the case of the PQ NMSSM
the relations 3.14 express the vev in terms of the low energy imput parameters. We will
then estimate the tuning of the theory using 3.16. The numerical calculation are shown
in Fig.3.2. We have not added the tuning from mS because it is always negligible, while
the tuning on mH1 (m
2
H2
) is almost identical to that on A. We see from the figure that a
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theory with a big A is disfavored, and a bigger λ and a bigger tan β are preferred. Also
we always have less than 10% tuning around the region in which we are mostly interested.
The mass of the stop is central in our discussion so that we would like to put a bound
on it making use of naturalness consideration. To do this we focus on the effect of the stop
mass on the running of m2H2−m2H1 from the scale Λmed, where these masses are generated,
to MZ . The most important correction appears in m
2
H2
, since it is H2 to be coupled with
the top (stop). The relevant part of the lagrangian is
∆L = −|ytH02 T˜ |2 − |ytH02 t˜| − (yttH02PLt+ h.c.) −m2eQ3|T˜ |
2 −m2
eu3
|t˜|2. (3.17)
We have discarded the soft At piece. The soft masses are treated as a perturbative inter-
action. The quadratic divergences cancel and the only two diagrams to consider are the
two tadpole where an m2soft insertion is made.
H02 H
0
2
H02 H
0
2
t˜× T˜×
These can be calculated at zero incoming momentum and their contribution is
− iΠ(0) = NC(−iy2t )(−im2eQ3 − im
2
eu3
)
∫
d4k
(2π)4
i
k2
i
k2
= iNC
y2t (m
2
eQ3
+m2
eu3
)
8π2
ln Λ. (3.18)
This give, within our approximations, the renormalization group equation for m2H2−m2H1
d
dt
(m2H2−m2H1) =
3y2t
8π2
(m2
eQ3
+m2
eu3
) (3.19)
If we now neglect any mixing in the stop sector, then m2
eQ3
= m2
eu3
= m2
et
−m2t . Solving the
equation from Λmed to MZ we get
δ∆m2_stop =
3y2t
4π2
(m2
et
−m2t ) ln
Λmed
MZ
. (3.20)
The tuning is now estimated as
∣∣∣ δ∆m2∆m2 ∣∣∣ where
∆m2 = m2H2−m2H1 =
(
A2
1 + x
− λ2v2 +M2Z
)
cos 2β (3.21)
We plot in Fig.3.3, the maximum value allowed for met if we require
∣∣∣ δ∆m2∆m2 ∣∣∣ < 1, as a
function of A. For a fixed value of met the tuning in ∆m
2 decrease with A in conflict with
what happened in Fig.3.2. Bigger tan β and lower mediation scales are preferred. A value
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Figure 3.3: Maximum allowed walue for an unmixed stop mass requiring no tuning on ∆m2, for
(λ, tanβ) = (0.7, 2) (full), (0.65, 1.5) (dashed), in a SUGRA scenario (red) or a GMSB one with
Λmed = 100TeV (blue). mS = 0
of met = 300GeV is consistent for A bigger than 350, 400GeV , in a GMSB model.
Another parameter whose corrections must be investigated is mS. In this model this
parameter is small. This is because of the combined request of a heavy chargino and a
stable potential1. The most important contribution to mS comes from the soft lagrangian
∆L = −λASH01H02 + λASH+H− + h.c. (3.22)
through the following loop diagrams
S
H02
S S
H+
S
Reasoning as before we obtain the correction
|δm2S | =
λ2A2
4π2
ln
Λmed
MZ
. (3.23)
Taking a low mediation scale, say 100TeV , and the usual values λ = 0.7, tan β = 2, we
get δm2S ∼ (120GeV )2 which correspond to a 10% fine tuning, being allowed to live in the
range mS . 40GeV .
1It will turn out to be the case also for phenomenological reasons to be studied in the following chapter
Chapter 4
Particle spectrum and Higgs
phenomenology
Having discussed the condition on the parameters that allow a good electroweak symmetry
breaking, we want to study the spectrum and the phenomenology deriving from the model,
with particular emphasis on the Higgs sector. We first recall which are the degrees of
freedom we expect to find. We started with 2 doublets and a singlet. In the scalar sector
this give 10 real fields. Three of them get eaten by the relative gauge bosons which become
massive. Of the remaining 7, 2 arrange themselves in a charged Higgs field, 3 are the CP
even fields and the remaining 2 are CP odd. The Goldstone boson G associated with the
spontaneous breking of the U(1)PQ will be one of these two. In the fermionic sector the
counting is made in terms of Majorana spinors, each one corresponding to two real degrees
of freedom. There will be a charged (Dirac) higgsino and 2 plus 1 Majorana higgsinos. The
first will possibly mix with the wino, the last ones with the other two electroweak neutral
gauginos.
4.1 Spectrum of the CP even scalars
Starting from the potential for the neutral scalars
Vneutral =
g′2 + g2
8
((H01 )
2 − (H02 )2)2 + λ2S2((H01 )2 + (H02 )2)+
+ λ2(H01 )
2(H02 )
2 − (λAS H01H02 + h.c.)+ (4.1)
+m2H1(H
0
1 )
2 +m2H2(H
0
2 )
2 +m2SS
2
it is useful to reparametrize the neutral scalar fields as follow
H0i = (vi +
hi√
2
) exp(i
πi√
2vi
), S = (vS +
s√
2
) exp(i
πs√
2vS
), i = 1, 2. (4.2)
The number of degrees of freedom is obviously conserved and the transformation is non-
singular since every field is acquiring a vev different from zero. Using these new variables
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the π fields appear in the potential only in the λA-soft term. To calculate the even scalar
masses the exponential can be dropped. We will write the mass matrix in the basis used
in the general discussion of the NMSSMh1h2
S
 =
− sinβ cos β 0cos β sinβ 0
0 0 1
Hh
s
 (4.3)
The mass term is of the form
∆L = −1
2
(H, h s)M2
Hh
s
 (4.4)
with
M2 =
 A21+x + (M2Z − λ2v2) sin2 2β −12(M2Z − λ2v2) sin 4β −Aλv cos 2β∗ M2Z cos2 2β + λ2v2 sin2 2β −Aλv sin 2β x1+x
∗ ∗ λ2v2(1 + x)

(4.5)
where we have defined x =
m2S
λ2v2 .
The mixing pattern can be easily understood. Let us call the physical basis (S1, S2, S3)
from the lightest to the heaviest. Given the unitary matrix V whose rows are the eigen-
vectors of the mass matrix in the basis (H,h, s) we can writeHh
s
 = V T
S1S2
S3
 (4.6)
We see fromM2 that the heavier state will be practically unmixed with h. On the other end
the entryM213 mixing the two extremal states can be significant, and will lift a degeneracy
between the lighter scalars which could otherwise appear for x ∼ 0. For these reasons S3
will be an admixture of s and H, and so with practically no coupling with a V V pair, and
a mass given approximately by A√
1+x
. The mixing of the two lighter states will depend on
the value of mS . The stop radiative corrections have to be added to theM222 entry, before
diagonalizing the matrix. Fig. 4.1 shows the dependence of the mass of S1 and S2 on mS
for A = 400GeV , tan β = 2 and λ = 0.7.
4.2 Spectrum of the charged scalars
The part of the lagrangian we need to find the masses is obtained from 3.6 putting all the
neutral fields to their vev and keeping only the quadratic terms
∆L = (H+2 , H−†1 )M2C
(
H+†2
H−1
)
(4.7)
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Figure 4.1: Masses of the two lightest CP even scalars. The growing mixing among the two states
is indicated by their splitting as mS increases.
The 2× 2 mass matrix thus obtained is
M2C =
( A2
1 + x
+M2W − λ2v2
)(cos2 β − sinβ cos β
∗ sin2 β
)
(4.8)
The matrix has vanishing determinant. This is expected since one of the two charged
scalar, call it G+, should be eaten by the W . The diagonal basis is given by(
G+
H+
)
=
(
cos β − sinβ
∗ cos β
)(
H−†1
H+2
)
(4.9)
The mass of the physical charged particle is given by
m2H± =
A2
1 + x
+M2W − λ2v2 (4.10)
4.3 Spectrum of the CP odd scalars
From 4.1 we see that the fields odd under CP affect a single part of the potential that can
be written as
∆Vneutral = −2λA
(
vS +
s√
2
)(
v1 +
h1√
2
)(
v2 +
h2√
2
)
cos
1√
2
(
π1
v1
+
π2
v2
+
πs
vS
)
. (4.11)
Dropping the even fields, this actually states that there is a unique combination of pseu-
doscalar fields getting a mass, namely
A ∝ π1
v1
+
π2
v2
+
πs
vS
(4.12)
The mass is calculated from 4.11 normalizing the linear combination and obtaining
m2A =
A2
1 + x
+ λ2v2(1 + x) (4.13)
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Figure 4.2: Masses of the heaviest scalar (green, full), massive pseudoscalar (green, dashed) and
charged scalar (red, full).
It is also easy to identify the other pseudoscalars. The Goldstone eaten by the Z, G0
should be a combination of π fields perpendicular to A and πs, while the pseudo-Goldstone
boson of the broken PQ symmetry, G, is the remaining linear combinaton. Using a unitary
rotation from the basis (π1, π2, πs) the three fields can be written as
G0 = sin βπ2 + cos βπ1 (4.14)
G = − sinαπs + cosα(cos βπ2 − sin βπ1) (4.15)
A = cosαπs + sinα(cos βπ2 − sin βπ1) (4.16)
where
tanα =
A
λv(1 + x)
(4.17)
In Fig. 4.2 we plot as a function of mS , for (A, tan β, λ) = (400, 2, 0.7), the value of the
masses of the three heaviest particles of the model: S3, A and H
±. The pseudoscalar and
charged masses are given approximately by A√
1+x
± λ2v22A ≈ mS3±18GeV as can be checked
directly from 4.10 and 4.13.
4.4 Fermions spectrum
We recall that the fermion contribution from the superpotential is given, in a 4 component
Majorana spinor notation, by
∆L = −1
2
∑
i,j
ψi
[(
∂2f
∂Si∂Sj
)
PL +
(
∂2f
∂Si∂Sj
)†
PR
]
ψj (4.18)
The mass matrix is obtained putting all the scalar fields down to their vevs. We will assume
that the gaugino masses are very big, so that the higgsinos mix only among themselves to
give the mass eigenstates. The singlet chiral field Sˆ does not bring in any further charged
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Figure 4.3: Masses of the three neutral higgsinos. Notice that for mS = 30GeV , A = 400GeV ,
µeff ∼ 150GeV
degree of freedom, so that the chargino is actually the same of the MSSM with a mass
mχ = µeff = λvS . The mass term for the remaining three neutral higgsinos is given by
∆L = −1
2
(H˜01 , H˜
0
2 , S˜)Mχ
H˜01H˜02
S˜
 (4.19)
where 0 µeff λv sin β∗ 0 λv cos β
∗ ∗ 0
 (4.20)
It follows from the tracelessness of M that ∑imχi = 0 so that one of the higgsinos will
have a negative mass. This sign has no physical meaning since it can be changed by a γ5
rotation of the corresponding spinor.
We give in Fig.4.3 the masses of the higgsinos as a function of µeff , the chargino mass,
for (tan β, λ) = (2, 0.7). It should be noted that mχ1 +mχ2 can be smaller than 209GeV
which is the upper energy limit for LEP2, so that the production of χ1χ2 via a virtual Z
and the following decay of χ2 have been possible. It turns out, however, that the coupling
Zχ2χ1 is small enough that any effect of this kind is below the experimental sensitivity
[19].
4.5 Higgs phenomenology: constraints from LEP2
In this section we describe the physical processes involving the scalars which characterize
this model, and we further restrict the parameter space comparing the theoretical pre-
diction with the experimental limits placed by LEP data. The characteristic feature of
this PQ limit of the NMSSM is the presence of a light pseudoscalar G. We have already
described in the Section 2.4 how this theory is explicitly constructed to evade LEP limits:
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Figure 4.4: Allowed region of the parameter space for (λ, tanβ) = (0.7, 2). The thick dashed red
line is the limit inferred from the non observation of the process S1 → GG → bb bb at LEP2. We
have to stay below this line, and above the thick black line which is the limit imposed by the mass
of the chargino . We also shows contour for the mass of S1, respectively 70, 80, 90, 95GeV , from
the outermost to the innermost.
the SM-like Higgs boson, namely S2, gets a mass which makes it directly unaccessible to
the experiment, while S1 is hidden because its prominent decay modes are not into a couple
of SM particles, like bb or ττ , but instead into a GG pair.
The first thing to check are the constraints imposed on the parameter space by exper-
imental data. In the following we will assume that mG ≥ 2mb. In this case it is easily
realized from the form of the vertices involving G that BR(G → bb) ≈ 1. Furthermore
the presence of this light pseudoscalar does not affect Υ decays through possible radiative
processes like Υ(bb) → γG which are not allowed kinematically. In Fig.4.4 we show the
final exclusion plot in the plane (mS , A), for (λ, tan β) = (0.7, 2), where to the bounds
given by stability and chargino mass we add the constraint on the ξS1ZZ parameter given
by the non observation of S1 → GG → (bb)(bb) decay at LEP. We see that the theory
fits easily in these limits. We do not mention possible limits coming from a process like
e+e− → (Z∗)→ GS1. In this case however ξZS1G = cos2 αV 2i1 is always at least two orders
of magnitude smaller than any limit reported in [16].
4.6 Higgs phenomenology: production at hadronic colliders
We can now focus on the main properties of the particles in the scalar sector, namely how
to produce them and how they can decay and be observed in a hadron collider.
At a hadron collider a scalar neutral particle can be produced in three ways, via gluon-
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Figure 4.5: Ways to produce a neutral scalar particle at a hadron collider. Starting from the
upper left: higgsstrahlung, vector boson fusion, loop gluon fusion, tree level gluon fusion.
gluon fusion (tree level or loop), via vector bosons fusion or higgsstrahlung from a gauge
boson or a heavy quark. Corresponding representative diagrams are shown in Fig. 4.6.
The efficiency of the gluon fusion mechanism is determined by the ratio ξSitt, defined as
the production cross section for Si normalized to that of a SM Higgs boson of the same
mass. For the pseudoscalar A, ξAtt is normalized to the cross section for the production
of the MSSM pseudoscalar. Analogously the higgsstrahlung and the vector boson fusion
mechanisms depend on the ratio ξSiV V , normalized to the standard model case. CP con-
servation in the scalar sector forbids a AV V coupling so these two production mechanisms
are not available for the pseudoscalar boson.
The various ratios ξs can be calculated analytically from the lagrangian and are given
by
ξSitt = (Vi2 + cot βVi1)
2 (4.21)
ξAtt = cot
2 β sin2 α (4.22)
ξSiV V = V
2
i2 (4.23)
These are plotted in Fig.4.6 as a function of mS for (A, tan β, λ) = (400, 2, 0.7). For
orientation [9], the production cross section at LHC for a SM Higgs boson with mh =
120GeV (400GeV ) is approximately 30, 40 pb (10 pb) for the gluon fusion process, 2 pb
for the higgsstrahlung and 5, 6 pb for the vector boson fusion. We see that S2 is absolutely
SM like for any production mechanism, while S1, as already remarked, is almost decoupled
from a V V pair.
For the charged Higgs H±, things are different because H±W∓Z couplings are for-
bidden by CP symmetry. Since our H+ is heavy, the two production mechanisms are
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Figure 4.6: ξHtt (left) and ξSV V (right) ratios for the CP even (full green) and the CP odd scalar
(dashed), with (A, tanβ, λ) = (400, 2, 0.7). The darker the line is, the heavier the particle is.
gluon-bottom fusion and tree level gluon fusion. Each one is controlled by the Htb cou-
pling. We recall that this coupling is exactly the same as the MSSM one (the S field does
not enter in the H+ composition) so that it depends exclusively on tan β. For MH+ = 400
and tan β = 3 the LO production cross sections are 0.1 pb for the gluon-bottom process
and 50 fb for the gluon-gluon one.
4.7 Higgs phenomenology: Branching ratios
The branching ratios of the scalar particles can also be calculated. We show them in Fig.4.7
and Fig.4.8. The branching fractions of the lighter scalar are not plotted because there is
actually a unique decay channel, that is S1 → GG→ bb bb. Notice the absence of any V V
decay channel at a significant level.
The combination of production cross sections and branching ratios makes the detection
of the scalars at a hadron collider not easy. A main difficulty is the softness of the b-quarks
from the decay of the pseudo-Goldstone boson G. The feasibility of these searches requires
a detailed experimental investigation.
Finally, as we have already remarked in the discussion of fine tuning, the theory prefers
a low scale for SUSY breaking mediation. In this case the gravitino G˜ is the LSP and its
contribution to the collider phenomenology could be significant. The lightest neutralino,
has a mass around 50GeV . It will be ultimately produced in every supersymmetric event
and will decay as χ1 → GG˜. Since the coupling of the gravitino scales like 1〈FX〉 , for
dimensional reasons have
Γχ1 ∼
m5χ1
8π〈FX〉2 ∼ 10
−4eV
( mχ1
50GeV
)5(100TeV√
〈FX〉
)4
(4.24)
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Figure 4.7: Branching ratios for the intermediate, S2, (left) and heavy, S3, (right) CP even scalars.
(A, tanβ, λ) = (400, 2, 0.7). Colors for final state X : X = GG, pink; X = χχ, blue; X = bb,
black; X = tt, black dashed; X = ZG, green; X = SS, red; X = SiSj , red dashed.
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Figure 4.8: Branching ratios for the CP odd scalar, A, (left) and the charged one, H+, (right).
(A, tanβ, λ) = (400, 2, 0.7).Colors for final state X : X = χχ(χ+), blue; X = b(t)b, black dashed;
X = Z(W )G, green; X = SG dashed.
or a distance travelled in the detector
lχ1 ∼ 0.2 cm
√
E2
m2χ
− 1
(
50GeV
mχ1
)5( √〈FX〉
100TeV
)4
. (4.25)
For this to be observed it is necessary for the decay to happen inside the collider. This is
the case if
√〈FX〉 < 700, 800TeV .
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Chapter 5
Summary and conclusions
LHC will soon test the significance of the hierarchy problem to particle physics. Among
the many ideas proposed to solve this issue, Supersymmetry is a prominent one. On the
other hand, even if we insist on the relevance of SUSY to Nature, the only hope to see
superpartners at LHC is by having supersymmetry as a solution to the hierarchy problem.
A common feature in many supersymmetric extensions of the Standard Model (SM) is
the presence of a relatively light Higgs boson. LEP2 data give a lower limit of 115GeV
on the mass of a SM like Higgs particle. This is a concern, for example, in the Minimal
Supersymmetric Standard Model (MSSM) where at tree level the Higgs boson is predicted
to be lighter than the Z. The most straightforward solution to this is to have a heavy
stop that pushes up the Higgs boson mass through radiative corrections. This however
reintroduces significant fine tuning in the theory, thus suggesting us to go beyond the
MSSM.
In this thesis we analize its minimal extension, the Next to Minimal Supersymmetric
Standard Model (NMSSM), looking for a natural electroweak symmetry breaking. Focusing
on a moderate stop mass and requiring perturbative unification of the gauge couplings
(which after all is a very good prediction of the MSSM), we put quite severe restrictions
on the parameter space. In particular if we do not modify the theory any further we find
that we must live with a small κ . 0.2 and λ . 0.7. Even in this limit a SM like Higgs
boson, which is present in the spectrum, barely touches the LEP2 mass bound.
We show that we can improve on this situation if we allow vectorlike multiplets of extra
SU(5) symmetric matter to be present at intermediate energies. This matter, while not
disturbing unification, allows for a higher value of λ at the Fermi scale, in such a way that
we are able to obtain a Higgs boson mass as big as 125GeV .
At this point we analyze a particular realization of this picture in the corner of the
NMSSM parameter space where κ = 0, thus saturating the upper limit on λ at the weak
scale. Setting to zero the triliner self interaction of the singlet superfield in the super-
potential, restores a Peccei-Quinn symmetry in the action which is welcome to solve the
µ problem. A small explicit breaking of such a symmetry is required to give mass to a
(pseudo-)Goldstone boson G which would be otherwise experimentally excluded.
The spectrum of the Higgs sector is then studied. It is found that the heaviest of
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the three CP even scalars is mostly decoupled from a vector boson pair and has a mass
ranging from 350 to 450GeV . Of the remaining two, one has a mass around 120GeV and
the lightest one around 90GeV . The ligthest boson, in particular, is "hidden" from LEP
searches because it decays most of the time in a GG couple, and then G always decay
in bb or ττ depending on its mass. We briefly study the branching ratios and the main
production mechanisms of these scalars at a hadron collider, pointing out the possible
difficulties in their searches.
Finally, we quantify the fine tuning in this model. The main problem is in the mS
parameter which is affected by radiative corrections and brings in a 10% of tuning. Furter-
more, a low mediation scale is always preferred. This probably means that the gravitino
G˜ is the LSP, and each lightest neutralino will ultimately decay into it as χ1 → GG˜. This
decay will be significant at LHC if it happens inside the detector, which happens if the
mediation scale is low enough.
Appendix A
Spinor algebra
Spinorial representations of the Poincaré group play a fundamental role in every super-
symmetric theory. Here we will define the notation and the fundamental notions.
The Lorentz group is locally isomorphic to SL(2, C), the group of 2×2 matrices with unit
determinant. The isomorphism is built as follow. To every four-vector xµ we associate the
hermitian matrix M = σµxµ, where
σ0 =
(−1 0
0 −1
)
σ1 =
(
0 1
1 0
)
σ2 =
(
0 −i
i 0
)
σ3 =
(
1 0
0 −1
)
(A.1)
Given Λ ∈ SL(2, C)
xµxµ = detM = detΛMΛ
† = det σµx′µ = x
′µx′µ (A.2)
so that to every unimodular matrix, a unique proper Lorentz transformation is associated.
We have thus constructed a representation of the Lorentz group on a two dimensional
complex vector space. Other three representations can be built, namely Λ∗, Λ−1T e Λ−1†.
However only Λ and Λ∗ are inequivalent
Λ−1T = σ2Λσ2, Λ−1† = σ2Λ∗σ2. (A.3)
The first is called left handed (L) and the second right handed (R). We distinguish two
tipes of indices, undotted and dotted ones, respectively for L and R spinors
ψ′α = Λ
β
αψβ, ξ
′
α˙ = (Λ
∗)β˙α˙ξβ˙ (A.4)
From A.3 we can introduce two invariant antisymmetric tensors ǫαβ, ǫα˙β˙, ǫ
12 = ǫ21 = 1
such that
ǫαβǫ
βγ = δγα ǫαβǫ
γδ = −δγαδδβ + δδαδγβ (A.5)
The two ǫs can be used to raise and lower spinor indices
ψ′α = (Λ−1)αβψ
β, ξ′α˙ = (Λ∗−1)α˙
β˙
ξβ˙. (A.6)
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From A.2 two other invariant tensors are derived, these are
σµαα˙, σ
µα˙α = ǫαβǫα˙β˙σµ
ββ˙
, σµ = σµ (A.7)
The following equations hold
Tr σµσν = 2ηµν (A.8)
σµαα˙σ
β˙β
µ = 2δ
β
αδ
β˙
α˙ (A.9)
(σµσν + σνσµ)α
β = 2ηµνδβα (A.10)
(σµσν + σνσµ)β˙ α˙ = 2η
µνδβ˙α˙ (A.11)
A.1 Weyl, Majorana and Dirac spinors
We will call left handed Weyl spinors the set of anticommuting objects of the form ψα and
right handed Weyl spinors those in the form ξα˙. Since the seconds live in the conjugate
representation of the firsts
(ψα)
† = ψα˙ (A.12)
With the definitions of the previous section the following quantities transform as scalars,
vectors and tensors
ψχ ≡ ψαχα = ψαǫαβχβ = χβǫβαψα = χψ (A.13)
ψχ ≡ ψα˙χα˙ = χψ (A.14)
ψσµχ ≡ ψασµαα˙χα˙ = −χα˙σµα˙αψα = −χσµψ (A.15)
ψσµσνχ = ψασ
µ
αα˙σ
να˙βχβ (A.16)
Notice how the indices are placed when the summation is not explicitly shown. Care
is needed when complex conjugation is used, because the order of the spinors must be
reversed
(ψχ)† = ψχ (A.17)
(ψσµχ)† = (ψασµαα˙χ
α˙)† = χα(σµαα˙)
†ψα˙ = χσµψ (A.18)
(ψσµσνχ)† = χσνσµψ (A.19)
The following relations hold
ψαψβ = −1
2
ǫαβψψ χα˙χβ˙ =
1
2
ǫα˙β˙χχ (A.20)
together with the Fierz identities
(φχ)(φψ) = −1
2
(χψ)(φφ) (φχ)(φψ) = −1
2
(χψ)(φφ) (A.21)
ψσµψψσνψ = −1
2
ψψψψηµν (ψφ)χα˙ = −
1
2
(φσµχ)(ψσµ)α˙ (A.22)
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The generators of the Lorentz group are written in this notation as
σµν α
β =
1
4
(σµαα˙σ
να˙β − σναα˙σµα˙β) (A.23)
σµνα˙ β˙ =
1
4
(σµα˙βσν
ββ˙
− σνα˙βσµ
ββ˙
) (A.24)
and satisfy
Tr σµνσρσ =
1
2
(ηµσηνρ − ηµρηνσ)− i
2
ǫµνρσ (A.25)
where the last is the totally antisymmetric tensor with four indices, ǫ0123 = 1.
Four-spinors are defined as
Ψ =
(
ψα
ξ
α˙
)
(A.26)
Ψ is called Majorana if ψ = ξ and Dirac otherwise. The usual γ matrices are introduced
as the four dimensional generalization of the σs
γµ =
(
0 σµ
σµ 0
)
, γ5 = iγ0γ1γ2γ3 =
(−1 0
0 1
)
(A.27)
Defining Ψ = Ψ†γ0 = (−ξα, −ψα˙), one gets the following relations between the two and
the four dimensional basis
Ψ1Ψ2 = −ξ1ψ2 − ψ1ξ2 (A.28)
Ψ1γ5Ψ2 = ξ1ψ2 − ψ1ξ2 (A.29)
Ψ1γ
µΨ2 = −ψ1σµψ2 − ξσµξ2 (A.30)
For Majorana spinors ψ, χ the following useful identities hold (we always assume that the
variables anticommute)
ψχ = χψ (A.31)
ψγ5χ = χγ5ψ (A.32)
ψγµχ = −χγµψ (A.33)
ψγµγ5χ = χγ
µγ5ψ (A.34)
A.2 Derivation and integration
Derivation on a spinorial variable should be considered as an anticommuting operation
{∂α, ∂β} = {∂α˙, ∂β˙} = {∂α, ∂α˙}. We define ∂αθβ = δβα so that
∂αθβ = −ǫαβ, ǫαβ∂β = −∂α, ∂1 = −∂2 (A.35)
and the same for dotted indices.
For the integration, linearity and translation invariance impose that∫
dθα = 0,
∫
dθα θα = 1 (A.36)
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so that derivation and integration are actually the same thing for superspace variables.
We further define
∫
dθ1dθ2 θ2θ1 = 1, so that we always integrate first the most internal
variable. It follows that
d2θ = dθαdθα = −1
4
ǫαβdθ
αdθβ,
∫
d2θ =
∂2
4
(A.37)
and the same for the dotted indices.
Appendix B
Feynman rules for PQ SUSY
We list here all the Feynman rules we used during this work. Where the momenta are
important they are all considered to be ingoing.
SiZ
0
µZ
0
ν : i
g
cW
MZVi2ηµν
Z0µSi(p)G(p
′) : − g2cW cosαVi1(p− p
′)µ
W+µ H
+(p)Si(p
′) : − g2Vi1(p− p′)µ
Sibb : −i gmb2MW (Vi2 − tβVi1)
Abb : − gmb2MW tβ sinα γ5
Gbb : − gmb2MW tβ cosα γ5
Siχχ : −i λ√2Vi3
SiW
+
µ W
−
ν : igMWVi2ηµν
Z0µSi(p)A(p
′) : − g2cW sinαVi1
W+µ H
+(p)G(p′) : − g2 cosα
Sitt : −i gmt2MW (Vi2 + ctβVi1)
Att : − gmt2MW ctβ sinα γ5
H+bt : −iV ∗tbv (mbtβPR +mtctβPL)
Aχχ : − λ√
2
cosα
Siχjχk : −i λ√2 [(−sβVi1 + cβVi2)Wj2Wk3 + (cβVi1 + sβVi2)Wj2Wk3 +
+Vi3Wj1Wk2 + j ↔ k]
Aχiχj : − λ√2 [Wi1Wj2 cosα+Wi3Wj2cβ sinα+Wi1Wj3sβ sinα+ i↔ j]] γ5
Gχiχj : − λ√2 [−Wi1Wj2 sinα−Wi3Wj2sβ cosα+Wi1Wj3cβ cosα+ i↔ j] γ5
H+χχi : −iλWi3[cβPL − sβPR]
SiG(p)G(p
′) : −i(p · p′)
[√
2
v cos
2 α(2 cot 2βVi1 + Vi2) +
√
2
vs
sin2 αVi3
]
SiG(p)A(p
′) : −i(p · p′) sin 2α
[
1√
v
Vi1 +
i√
2vs
Vi3
]
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Where cW = cos θW , cβ = cos β, sβ = sin β tβ = tan β, ctβ = cot β, andHh
s
 =
V11 V21 V31V12 V22 V32
V13 V23 V33
S1S2
S3
 ,
H˜01H˜02
S˜
 =
W11 W21 W31W12 W22 W32
W13 W23 W33
χ˜1χ˜2
χ˜3
 (B.1)
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